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Introduction 

A pattern of sexuality involving mul- 
tiple incompatibility alleles at two loci 
was first described by KNtEP (16) in the 
hymenomycete Schizophyllum commune 
in 1920. He showed that mating type in 
S. commune is controlled genetically by 
two series of incompatibility alleles at 
distinct and that every fruit is 
heterozygous at both loci, therefore giv- 
ing rise to spores of four different mating 
types. The heterozygous condition of the 
fruit follows necessarily from the fact 
that two mycelia are compatible and 
produce fruit only when their mating 
types are such that they differ in the 

alleles at both loci. 
Elucidation of this complex sexual sys- 
tem by Kniep was followed during the 
next 15 years by a large number of publi- 


loci 


cations in various countries on the mani- 
festations of sex in the basidiomycetes. 
His findings were confirmed and ex- 
tended to many other organisms. About 
go% of the hymenomycetes have been 
found to be heterothallic and, of these, 
61% are tetrapolar, their fruits giving 
rise to spores of four different mating 
types, as do those of S. commune; the 
other 39% are bipolar—that is, they 
have only one series of incompatibility 
alleles, and their fruits give rise to spores 
of only two different mating types (31). 

The extensive work done subsequently 
to Kniep’s publications was, however, 
disappointing in many respects, for, with 
the exception of the ‘Buller phenome- 
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non,’ no new fundamental knowledge 
was added to his account. 

Recently the genetics of microérgan- 
isms has aroused considerable interest, 
and many old data have been re-exam- 
ined. WHITEHOUSE (31) has summarized 
many published accounts to date on the 
multiple incompatibility alleles among 
the fungi. A system of multiple alleles 
controlling compatibility is widespread 
among the hymenomycetes, the gaster- 
omycetes, and the angiosperms. In all 
these diverse groups the essential pattern 
is the same: where two identical alleles 
are brought together, there is one kind of 
reaction; where two different alleles are 
brought together, there is a different re- 
action. Furthermore, it appears to be ir- 
relevant which two of the many possible 
combinants are actually involved. In the 
hymenomycetes the number of different 
alleles at each locus present in natural 
populations has been estimated roughly 
at one hundred (31); in the gasteromy- 
cetes it would appear that the number is 
much smaller. 

A variation of the multiple-allele sys- 
tem among the hymenomycetes has been 
reported for Solenia anomala (11). Here, 
apparently, a multiple-allele system co- 
exists with a two-allele system. The al- 
leles of the two-allele system control the 
size of the mycelium as well as compati- 
bility, and mycelia can, therefore, be di- 
vided into two types, large and small. 
Mating occurs only between a large and a 
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small mycelium, the smaller plant always 
diploidizing the larger. 

The only theory which has been put 
forward to account for the peculiarities of 
the multiple-allele system, as found in 
the higher fungi, is that of HARTMANN 
(13), who incorporated the phenomena 
found among the basidiomycetes into his 
general theory of sexuality. His best evi- 
dence appears in this behavior of Solenia, 
but his theory is still not of very great 
value in elucidating either the genetics or 
the physiology of sex in the basidio- 
mycetes. 

DARLINGTON and MATHER (7) and 
others have suggested that the multiple- 
allele system, both in the angiosperms 
and in the fungi, depends on some type 
of antigenic reaction. Unfortunately, the 
evidence for such a reaction is very 
tenuous as regards the angiosperms (19) 
and is, at present, nonexistent as regards 
the fungi. In view of the lack of any 
other hypothesis, however, one involving 
such a reaction, in which the difference 
between the various alleles would depend 
on a complementariness of some large 
protein or polysaccharide molecule rather 
than on any chemical property involving 
a valency bond, remains attractive. 

Whatever the nature of the processes 
involved may be shown to be, a factor 
with such a large number of alternate 
states controlling a sexual process pre- 
sents many interesting problems. These 
problems fall into two main categories: 
(a) the manner in which these genes in- 
hibit or promote the series of events lead- 
ing to fruiting and the formation of ba- 
sidiospores and (b) the origin of so large 
a number of different alleles and their 
maintenance in a population. Data bear- 
ing on the first of these will be described 
here. They consist of two main inter- 
related studies: (a) occurrence and prop- 
erties of heterokaryons among various 
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incompatible pairs of mycelia (22) and 
(b) physiology of a mutant which exhib- 
its a peculiar mating behavior. 


Nomenclature, material, and methods 


In the present work the techniques and 
materials which have been employed cor- 
respond to those used by previous work- 
ers. Some new techniques and modifica- 
tions of old ones, however, require de- 
scription. 

The basic medium used in all experi- 
ments, unless otherwise stated, had the 
following composition: 


Glucose.... 2.0 % 

Peptone... 0.2 % 

K71,PO,.. 0.2% 

MgSO,.... 0.02% 

| @) Fae One drop of a 2% solu- 
tion per liter 

Agar...... 2.0 % when required 


The pH value of this medium was 5.. 
before the addition of agar and was 6.3 
with the agar. 

All matings were made on solid me- 
dium in Petri dishes. Inocula consisted of 
small agar cubes about 2 mm. on a side, 
cut from the periphery of a culture. 
Inoculations for each mating were made 
about 5 mm. apart unless otherwise 
stated. 

Fruiting-bodies, whether wild or 
grown in the laboratory, are numbered 
consecutively in Roman numerals. In the 
case of each wild fruiting-body an ab- 
breviation of the locality from which it 
was collected follows the Roman nu- 
meral. Cultures derived from a given 
fruiting-body, often unfortunately re- 
ferred to as a “geographical race,”’ 
here designated as 


ow) 


are 
belonging to a 
ging 


“*stock.”’ 

During the first part of the work to be 
described only one stock was cultured in 
the laboratory. This stock was derived 
from I (arg), collected in 1947 in the 
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Argonne Forest Preserve, Cook County, 
Illinois, by Dr. J. R. Raper. Later two 
more stocks were brought into culture: 
XV (ad), collected in 1949 in the Adiron- 
dack Mountains, New York, by Dr. 
RAPER, and XXV (mad), collected in 
1949 near Madison, Wisconsin, by the 
author. No spores from any other wild 
fruiting-bodies were handled in the labo- 
ratory during the course of the work. 

The alleles for incompatibility found 
in these stocks are designated by capital 
letters with different superscripts. Thus, 
from fruiting-body I (arg) the alleles A’, 
A’, B', and B? were obtained; from XV 
(ad) the alleles A}, A4, B3, and P4; and 
from XXV (mad) the alleles A‘, A°, B', 
and B°. The first and third of these stocks 
have an allele (B') in common. 

It is furthermore proposed that (a) 
any mycelium containing only one kind 
of nucleus, which has hitherto been vari- 
ously designated a primary mycelium, a 
haploid mycelium, and a single-spore 
mycelium, be known as a ““monokaryotic 
mycelium,” or a “‘monokaryon”’; (b) any 
mycelium containing two or more differ- 
ent nuclei be known as a “‘heterokaryotic 
mycelium,” or a “heterokaryon’’; and 
(c) any mycelium having a pair of com- 
patible nuclei, hitherto referred to as a 
secondary mycelium, a diploid mycelium, 
or a dikaryon, be known by the latter 
term, i.e., a “dikaryotic mycelium,” or a 
“dikaryon.”’ For convenience, the terms 
“dikaryotic mycelium” and “‘dikaryon’’ 
are used synonymously throughout the 
paper. 

Matings are represented in the cus- 
tomary way by a ‘‘X”’ sign between the 
symbols representing the two, or more, 
mycelia mated. If an inoculum was taken 
from one mycelium of a mating and was 
mated in turn with another mycelium, 
the first mating is inclosed in parentheses 
and the particular mycelium from which 


the inoculum was taken is shown by an 
underline. Thus, (A'B? X A'B") X AB" 
means that a mating between mono- 
karyons A'B? and A'B' was made and 
that a subculture from the A'B' side of 
this mating was subsequently mated with 
A’B'. Any additional matings are shown 
by the use of brackets and a double un- 
derline. Thus, [(A'B? X A'B') X A?B"| X 


A'B? would mean that from the (A'B? X 
A'B') X A*B' mating explained above a 
subculture was taken from the A'B? X 
A'B" side and mated with an A'B? 
monokaryon. 

The constitution of the mycelia result- 
ing from compatible matings, i.e., di- 
karyons, is symbolized by a “‘+”’ sign 
instead of an “‘X’’ between the symbols 
representing the monokaryons_ con- 
cerned. A “‘+-”’ sign is not used, however, 
in the case of other types of hetero- 
karyons. 

Some new terms have been devised to 
designate matings showing the behavior 
discovered by the late Dr. BULLER and 
commonly referred to as the ‘“‘Buller phe- 
nomenon.” This concerns the diploidiza- 
tion of a monokaryon by a dikaryon. 
Such matings will be referred to in this 
report as “di-mon’’ matings. There are 
three categories of di-mon matings which 
need to be distinguished: (a) Matings of 
the type (A'B' + AB?) X A'B', in which 
one of the two nuclei of the dikaryon is 
compatible with the nucleus of the mono- 
karyon—called “legitimate” by Dr. But- 
LER—will be termed “‘hemi-compatible”’ 
di-mon matings. (b) Matings of the type 
(A'B' + A?B’) X A'B*—called “‘illegiti- 
mate’’ by Dr. BULLER because neither of 
the nuclei of the dikaryon is compatible 
with that of the monokaryon—will be 
called ‘‘noncompatible’’ di-mon matings. 
(c) Matings of the type (A'B' + A*B?) X 
A3B3, in which both nuclei of the di- 
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karyon are compatible with the nucleus 
of the monokaryon, will be known as 
“compatible” di-mon matings. 

It is realized that many objections can 
be raised to the introduction of these 
terms (5) and also that should new tech- 
niques be used in subsequent work the 
terms may have to be altered or ampli- 
fied. They have been found convenient, 
however, in describing the experiments 
performed, make the maximum use of 
terms already in common usage without 
resorting to slang, and are reasonably 
euphonious. 

All cytological observations described 
in this report were made with the use of a 
phase-contrast microscope. 

A report on genetic experiments which 
were made concurrently with the present 
work will be published elsewhere to- 
gether with a description of the crosses 
which were made in order to obtain the 
monokaryons of various mating types 
used in the experiments reported here. 


Results 

The experimental results comprise sev- 
eral distinct categories: (a) different 
types of interactions of monokaryons 
having similar or dissimilar incompatibil- 
ity alleles; (b) patterns of nuclear behav- 
ior in di-mon matings; (c) origin, mor- 
phology, and physiology of an anomalous 
type of monokaryon; and (d) pattern of 
diploidization in compatible di-mon mat- 
ings. 

TYPES OF REACTION 

The four reactions which occur when a 
monokaryon is mated with each of the 
four incompatibility types of the same 
stock have been found to be distinguish- 
able (fig. 1). When the alleles at both of 
the incompatibility loci are different, a 
typical dikaryotic mycelium is formed. 
When the alleles at both loci are the 
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same, there is a region of overlap where 
the two mycelia meet. When the alleles 
at the B locus are the same and those at 
the A locus are different, a ‘‘barrage’’ is 
formed which appears as a line of poor 
growth at the junction of the two my- 
celia. When the alleles at the A locus are 
the same and those at the B locus are dif- 
ferent, there is developed a characteristic 
growth throughout the two mycelia of 
the mating. This growth may be of nor- 
mal extent, but it is thin and has very 
poorly developed aerial hyphae; it has 
been named ‘‘flat.”’ 

The types of interaction between the 
monokaryons of the four mating types 
derived from a single fruit are shown in 
table 1. It is clear that, when these differ- 
ent patterns are recognized, the naming 
of factors from a new fruit is no longer 
arbitrary but that each can be definitely 
designated as A or B. 

These four basic patterns of response 
between monokaryons are described in 
detail below, but first the results of a 
few preliminary experiments are given. 
These experiments were designed to find 
out whether any filterable substances 
were responsible for the different mating 
patterns. They were performed on solid 
and on liquid media. In liquid media the 
four monokaryons A'B', A*B’, A'B?, and 
A*B' were grown in filtrates of media in 
which the monokaryons A'B' and A'B? 
had grown. On solid media various mono- 
karyons were grown on both sides of 
cellophane membranes, or monokaryons 
were grown on agar over which another 
monokaryon had grown on a cellophane 
membrane and had been removed with 
the membrane. No significant differences 
in growth rate or in general appearance 
were observed in any of these experi- 
ments. Microscopically the hyphae re- 
sembled those of normal monokaryons 
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except in the case of two monokaryons of 
type A'B' grown in filtrates of A'B’, the 
hyphae of which had numerous knobs 
and short branches. Such hyphae, as will 
be seen below, are characteristic of 


lar and may be expressed in varying de- 
gree. The incidence of overlap does not 
seem to be correlated with any particular 
incompatibility alleles. If one can make a 


comparison with the ascomycetes where 





Fic. 1.—Mating reactions in Schizophyllum. A single monokaryon (A'B") is shown in center. At four 


corners it is shown in matings with various other monokaryons. (F) = “flat,” (B 


dikaryon, (O overlap. 


“flat,’’ but the significance of their pres- 
ence in these experiments is not known. 

ComMON A AND B Factors.—A region 
of overlap where the two mycelia meet 
usually occurs when a mating is made be- 
tween two mycelia having identical al- 
leles at both the incompatibility loci (fig. 
1). This pattern is, however, very irregu- 


“barrage,” (+) 


heterokaryons are commonly formed be- 
tween mycelia of the same mating type, 
it might be expected that in such matings 
there would be a mutual migration of 
nuclei from one mycelium into the other. 
No conclusive evidence is yet available 
to indicate whether this is the case, but 
one indication to the contrary follows 
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from the fact that, when there are recog- 
nizable differences in the morphology of 
the two monokaryons, these differences 
persist until both mycelia have grown to 
the edge of the Petri dish. As will be 
demonstrated below, most morphological 
characteristics of any mycelium are 
probably under very direct nuclear con- 
trol. 

DIFFERENT A AND B Factors.—A 
dikaryon results when monokaryons 
with different alleles at the A and B loci 
are mated. Nuclei from each mycelium 
migrate into the other, divide repeatedly, 
and form conjugate pairs with the origi- 
nal nuclei (3). The results of certain sur- 


TABLE 1 





A‘Bt  A2B2 AXB2A2BY 
A‘Bt O ra F B 
A2Be + oO B F 
AB? F > of + 
AB | OB y= © 


O = overlap; 


+ =clamp connections; B= 
“barrage”: F = “ 


flat.” These symbols will be used 
throughout the paper. 


gical operations on the dikaryon of 
Schizophyllum (12) indicate that either of 
the two nuclei can enter the clamp con- 
nection at any particular division. The 
dikaryotic mycelium is capable of fruit- 
ing, and in the present work every 
dikaryon, when grown in the special con- 
ditions favoring fruiting, gave rise to 
normal fruits, with the exception of a 
few dikaryons known to contain mutant 
genes. 

Morphological differences between the 
two mated monokaryons do not persist 
after fusion of the mycelia. Although 
there is great variety in the morphology 
of various di! --vons, the mycelia on 
both sides of . articular mating are 
nearly always identical. This indicates 
that the nucleus has direct control over 
the morphological characteristics of the 
dikaryon, a conclusion at slight variance 
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with some of those reached by HARDER 


(12). 

Pseudo-clamps were quite frequently 
observed in dikaryotic mycelia. They ap- 
peared more frequently in some mycelia 
than in others, but no correlation could 
be made between their appearance and 
any particular combination of incom- 
patibility alleles. Pseudo-clamps and 
normal clamp connections both often ap- 
peared on the same hypha, and no evi- 
dence for a “clamp forming hormone” 
(12) was found. 

Short sections of single hyphae, one to 
three cells long, when cut off and inocu- 
lated onto nutrient agar, gave rise to 
dikaryotic mycelia. Thus, of nineteen 
single hyphae of dikaryons, fourteen 
gave rise to normal dikaryons and five 
failed to grow. 

Cytologically, long filaments were ob- 
served in all but the terminal cells or the 
terminal portions of long cells about to 
divide; small granules were observed in 
all cells. Both these types of inclusions 
were presumably mitochondria, but this 
was not confirmed. Although several nu- 
clear divisions were followed, and the 
disappearance of the nuclear membrane 
and nucleolus was observed, spindle or 
chromosomes were never clearly appar- 
ent. 

Common B Fractors.—A “‘barrage”’ is 
formed in matings in which the A alleles 
are different and the B alleles are the 
same (fig. 1). This is a fortunate mne- 
monic association. The choice of symbols 
used here appears, moreover, to coincide, 
on the basis of the mutation rates of the 
two factors, with those used by KNIEP. 
The ‘“‘barrage’’ region is not entirely de- 
void of hyphae, but these hyphae are 
thin, far apart, and rarely assume an 
aerial habit. Microscopically, hyphae in 
the “‘barrage’’ region are irregular, hav- 
ing numerous knobs and very short 
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branches. Subcultures from the “‘bar- 
rage’’ do not usually remain characteris- 
tic but revert to normal monokaryons, 
the mating types of which are those of 
the monokaryons used in the mating. 
The extent of the “‘barrage’’ region in dif- 
ferent matings is very variable. It may 
be barely visible or it may be a centi- 
meter or so wide. Occasionally whole sec- 
tors of mycelium resembling that found 
in the “‘barrage’’ region are found in mat- 
ings with common B factors. In the par- 
ticular case of a mating A'B? X A?B?, 
such a sector was observed on the A?B? 
mycelium, and subcultures were made. 
Repeated subcultures from the “‘bar- 
rage’ region of this mating exhibited a 
degree of stability. When mated with 
four tester monokaryons, they gave the 
following results: 


A'B AB? A‘B? A2Bt 


AB X ABA /4+ —/— —/— —/+ 


In this case, and throughout the paper, 
the reaction of the unknown mycelium is 
shown by a symbol to the left of the 
” sign and that of the tester to the 
right. A “‘“—” sign indicates that no 
clamp connections or other recognizable 
reactions were found. The culture from 
A'P? X A’B? did not have clamps in any 
mating but diploidized testers A'B' and 
A?B" unilaterally. It is concluded that 
this culture was a heterokaryon contain- 
ing the two nuclei A'B? and A?B?. It can 
be assumed that the hyphae in a narrow 
“barrage’’ region also constitute a het- 
erokaryon but that it is generally very 
unstable and that the nuclei of each 
monokaryon do not generally migrate 
far into the opposing mycelium. 
ComMON A_ FACTORS.—-Matings of 
monokaryons having common A alleles 
show a characteristic pattern which ap- 
pears with great regularity in all com- 
binations of alleles and stocks tested. 


ce 
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After the two mycelia have come into 
contact, further growth of both mycelia 
is thin, producing very few aerial hyphae. 
This type of growth has been named 
“‘flat.”” The general appearance of “‘flat”’ 
varies somewhat in matings of mycelia 
from different stocks but is generally 
similar on both sides of any particular 
mating. This similarity in the two mates 
following intermingling indicates, as in 
the dikaryon, that the morphology of the 





mycelium is under direct nuclear con- 
trol. 

Microscopically, the hyphae of “‘flat’’ 
(fig. 2) resemble those found in a “‘bar- 
rage’’ region. The hyphae are narrow and 
have numerous knobs and fine branches. 
The number of nuclei per cell is variable. 
Most cells, including the terminal cells, 
have only one nucleus each, some cells 
have two or more nuclei, and a few cells 
are apparently devoid of nuclei. Where 
two nuclei were seen in the same cell, 
they were not in close association as are 
the nuclei of a dikaryon. 

Subcultures taken from ‘‘flat’’ remain 
constant. When a “‘flat’’ culture is mated 
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with the four testers of its stock, the re- 
sults are as follows: 


A'B: 
AtB* K ABP /E 


A?B2 A'B? A?B: 
~F/+ F/F  F/+ 
“Flat”? unilaterally diploidizes mono- 
karyons with which its two component 
nuclei are compatible. It has been found 
that unilateral diploidization is a con- 
stant characteristic of all ‘‘flat’’ mycelia. 
Subcultures of the testers A?B? and 
A?B', diploidized by “‘flat’’ in the above 
matings, fruited in every instance. 

The failure to form clamp connections 
in “‘flat’? mycelia when mated with com- 
patible monokaryons does not absolutely 
preclude the migration of compatible nu- 
clei into ‘‘flat.’’ In order to test whether 
such migrations actually take place, a 
number of complex matings were per- 
formed, in duplicate, as follows: 


[(A'B' X A'B?) X A2B'] X A'B?; 
[(A'B' X A'B?) X< A2B'] X A'B; 
[(A'Bt x A'B?) ne A?B?| x A'B': 


[(A'B' X A'B?) X A?B?] X AB". 


In no case was there diploidization. From 
this it can be concluded that the nucleus 
of a compatible monokaryon does not 
migrate into ‘‘flat’”’ or that, if a few nu- 
clei do migrate, they do not multiply. 

Matings were also made_ between 
‘flat’ and cultures of the “‘barrage”’ sec- 
tor described in the previous section. In 
no case was there diploidization of either 
heterokaryotic mycelium. 

Single hyphae of several ‘“‘flat’’ my- 
celia were cut off and cultured. In only 
one case out of twenty was the resulting 
mycelium “‘flat’’; in the nineteen other 
cases the appearance of the mycelium 
was that of a normal monokaryon, and 
the mating type of each was that of one 
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or the other parental mycelium. In the 
exceptional case, diploidization was uni- 
lateral as it is in “‘flat,”’ but the dual 
mating type characteristic of ‘‘flat’’ was 
not exhibited. 

The general conclusion is that “‘flat’’ is 
a heterokaryon but that not all cells, or 
even most cells, contain both types of 
nucleus. 


DI-MON MATINGS (THE ‘‘BULLER 
PHENOMENON ’) 


In hemi-compatible di-mon matings of 
the general type (A'B' + AB’) X A'B' 
it has been found, with few exceptions, 
that the monokaryon is diploidized 
evenly and rapidly throughout its whole 
extent (fig. 3). 

In noncompatible di-mon matings of 
the general type (A'E' + A*B?) X A'B?, 
on the contrary, the monokaryon is dip- 
loidized in only about half of the cases 
and, even then, only in patches. In non- 
compatible di-mon matings a “‘barrage”’ 
is often formed at the junction of the two 
mycelia, and, characteristically, the sub- 
sequent growth, on the monokaryon side 
of the mating, has the appearance of 
“flat” (fig. 4). Subcultures of this appar- 
ently ‘‘flat’’ growth remain constant in 
appearance. When mated with testers, 
they behave like a ‘“‘flat’’ mycelium con- 
taining a nucleus of the mating type of 
the monokaryon and another of the mat- 
ing type of one of the nuclei associated in 
the dikaryon.. In the example given above 
the A’B’ nucleus of the dikaryon prob- 
ably forms a limited “‘barrage’’ hetero- 
karyon with the monokaryon (A'B?), and 
the A'B' nucleus sets up a stable “‘flat”’ 
heterokaryon. 


The occurrence of diploidization in 
noncompatible di-mon matings is much 
more frequent in some combinations 
than in others (table 2). The number of 
matings made is too small for any cor- 














FIGs. 3, 4.—Fig. 3 (Jeft), hemi-compatible di-mon mating. Fig. 4 (right), noncompatible di-mon mating. 
Dikaryon was inoculated above monokaryon in each case. 
TABLE 2 
) NONCOMPATIBLE DI-MON MATINGS 
. No. in 
f Constitution No. of which No Constitution Inter 
of tmatinw matings! diploidi ana ahdikiascon preta 
- made zation lyzed . tion* 
, occurred 
(A'B'+ AB?) X A'B? 4 2 ° 
1'Bt-+ A?B?) x A42B! 4 I ° 
Z (A*B2+ A2B') x A'B! 5 2 2 1'B2+ 42B A 
i (A'B?+ A?B') X A'B! 4 I I 1'B2+ 42B: \ 
(A'B?+ A2B') X A?B? 6 I I 1°B?+ A2B' \ 
(A'B3+ A3B') X A'B! 2 I ° 
n (4'B3+ A3B') X A3B3 4 4 4 A'B'+ A3B3 B 
; (A'B3+ A3B") X A3B3 2 2 2 A'B*+ A3B3 B 
. (A3Bs+ 44B3) X A4Bs 2 ° 
= (43B4+ 44B3) X A3B3 2 2 2 13B4+ 44B3 \ 
(A3B3+ 44B4) X A3B4 I I I 13B3+ A4Bs \ 
a (43B34 A4B4)XASBS | I I 13B3+ AsBs \ 
d (A'B'+ A3B3) X ABS 2 2 2 >+? 


* A, migration of both nuclei of dikaryon into monokaryon. B, constitution of new nucleus from 
two nuclei of dikaryon 
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relations to be made with the various 
alleles and stocks. 

The mechanism by which the mono- 
karyon is diploidized in a noncompatible 
di-mon mating has aroused considerable 
interest and speculation. Three possibili- 
ties have been considered (24): (2) A mu- 
tation, occurring in one of the incom- 
patibility alleles, renders the nucleus of 
the monokaryon compatible with one of 
the nuclei of the dikaryon. (b) Both nu- 
clei of the dikaryon, migrating into the 
monokaryon, displace the nuclei of the 
latter in subsequent growth—this hy- 
pothesis was supported by RAWITSCHER 


TABLE 3 
ANALYSIS OF DIPLOIDIZED MONOKARYON 
FROM (A'B! + A?B?) X A'B? 
_A'Bt A*B?  A'B? _A*B" 
| 
A*'B' -+- AB? H H N N 


At AaB N N H H 
ob + AS | N H H H 


H = Hemi-compatible di-mon; N = Noncom- 
patible di-mon. 


(27), BULLER (4, 5), CHow (6), Dickson 
(8), and OrKAwa (21) but lacks clear ex- 
perimental basis. (c) A new nucleus, e.g., 
A'B?, is formed from the two nuclei of the 
dikaryon, e.g., A’B' and A?B?. This last 
hypothesis is supported by some experi- 
mental work of QUINTANILHA (24). 
When the striking difference in ap- 
pearance between hemi-compatible and 
noncompatible di-mon matings was ob- 
served, it was evident that here was the 
basis for a technique by means of which 
the constitution of any given dikaryon 
could be readily determined. Only one at- 
tempt to determine the constitution of a 
dikaryon experimentally had hitherto 
been reported (24), and the method was 
laborious, involving the production of 
fruiting-bodies. A new technique was de- 
veloped, therefore, to determine the nu- 
clear constitution of the dikaryon formed 
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in a noncompatible di-mon mating and 
obtain evidence as to which of the 
three possibilities listed above occurred 
in any particular case. The constitution 
of the dikaryon formed by the noncom- 
patible di-mon (A'B' + A?B*) X A'B?, 
for instance, might be either A‘Bt + 
A*B?, or A'B? + A’B', or might include 
a mutant such as aB'+ A'B?. If this 
unknown dikaryon were mated with four 
appropriate testers, these three possibili- 
ties could be distinguished (table 3). 

Sixteen successful noncompatible di- 
mon matings were tested in this way. It 
was found that more definitive results 
were obtained if the unknown dikaryon 
were subcultured at least once before 
testing and if the first inoculum were 
taken from the periphery of the mono- 
karyon side of the di-mon mating most 
remote from the dikaryon. Another rou- 
tine procedure was to inoculate the tester 
monokaryon 24 hours before the un- 
known dikaryon in each test. The results 
are shown in table 2. In fourteen cases 
the results were unambiguous; the other 
two, a set of duplicates, gave anomalous 
results. 

In five of the six different combina- 
tions represented among the unambigu- 
ous cases both nuclei of the dikaryon mi- 
grated into the monokaryon; in the sixth 
case a new nucleus was constituted. This 
was true in all six replicates of this mat- 
ing, irrespective of the side of the first 
mating from which the inoculum for the 
di-mon mating was taken. 


“STREAK”’ 


A characteristic type of growth origi- 
nates, under certain conditions, from 
“flat”? mycelia or from combinations of 
monokaryotic mycelia which would pro- 
duce “‘flat.’’ This atypical form remains 
constant on subculturing, is easily dis- 
tinguished macroscopically (fig. 5), and 
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has several interesting properties. This 
type of mycelium, owing to its physical 
appearance, has been named ‘“‘streak”’ 
tS 2 

“Streak” once originated in a mating 
of a tester monokaryon A?B?, with a my- 
celium derived from a single hypha of the 





FIGs. 5, 6. 


“streak” from a blended “‘flat’”’ culture. 
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“flat”? A'B' X A'B’. The single-hypha 
mycelium had the mating type A'B? and 
was the particular one mentioned above 
in the section ‘‘Common A factors.’’ The 
behavior of this mycelium was anoma- 
lous in that diploidization was unilateral. 
The phenomenon of ‘“‘streak’’ origin was 


Fig. 5 (above), “streak” (left) and wild-type (right) monokaryons. Fig. 6 (below}, origin of 








also seen several times in complex crosses 
involving ‘flat’ such as [(A'B! X 
A'B?) X A?B?| X A'B". In these cases 
the ‘‘streak’’ appeared as a sector in the 
“flat.”’ 

The production of ‘“‘streak”’ is favored 
by blending the appropriate mycelium or 
mycelia in a Waring Blendor. The two 
monokaryotic mycelia can either be 
grown in liquid culture separately and 
then blended together, or a ‘‘flat’’ my- 
celium can be grown in liquid culture and 
this single mycelium blended. In either 
case the suspension that results from the 
blending is plated out thinly on nutrient 
agar and allowed to incubate at room 
temperature. In these cases which in- 
volve blending, the ‘‘streak’’ only ap- 
pears after the parent culture is very old. 
It appears, moreover, not as a sector, but 
as a newgrowth originating independ- 
ently at seVeral centers distributed ran- 
domly throughout the plate (fig. 6). 
When a suspension of a blend is plated 
out, at least one growth of “streak’’ is 
produced in every-resulting culture. 





“Streak”’ is disttiguished microscopi- 
cally by the coarse, Fopy appearance of 
the mycelium (figs. 5, 7). Generally there 
are few aerial hyphae, although in old, 
dry cultures very long aerial hyphae are 
often produced in localized regions of the 
mycelium. The growth rate of ‘“‘streak’”’ 
is about the same as that of a wild-type 
monokaryon. The. ropy appearance is 
probably due both to the rather numer- 
ous branches on the hyphae and to the 
pattern of branching. The branches are 
short, tend to occur in whorls, and usual- 
ly make an acute angle with the main 
hypha. 

Most cells of “‘streak’’ appear to have 
a single nucleus, although two or more 
nuclei have been seen in some cells. The 
hyphae are thick, being of a diameter 
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equal to or greater than the hyphae of a 
wild-type monokaryon. 

“Streak” behaves as a_ wild-type 
monokaryon in all but one important re- 
spect in matings. It always diploidizes 
unilaterally, no “streak”? mycelium ever 
having been found to form clamp connec- 
tions. ‘‘Streak’’ forms a ‘flat’? mycelium 
with a monokaryon having a similar A 
factor, just as any wild-type monokaryon 
does, and as ‘“‘flat’’ itself does. The proc- 
ess, in the case of “‘streak,’’ however, is 
unilateral, and the ‘streak’? mycelium 
remains unaltered in appearance. The 
mating type of ‘‘streak”’ is always that of 
one or the other of the component my- 
celia from which it originated. Limited 
analysis of three independent cultures 
proved that ‘‘streaks’’ of both mating 
types occur in the same culture. The 
“‘streak’”’ character is recessive to wild- 
type in the sense that dikaryons and 
“flat’’ mycelia containing a “‘streak’’ and 
a wild-type nucleus resemble the wild- 
type in appearance. 

A “flat”? mycelium containing a 
“streak”” nucleus can be subcultured. 
“Streak’’ sectors appear, however, very 
frequently in such subcultures (fig. 8). 
Characteristic “‘streak’’ mycelia result in 
practically all cases from the transplanta- 
tion of single hyphae, or even of small 
inocula containing about one hundred 
cells, taken from ‘‘flat”’ mycelia having a 
“streak’’ nucleus. Thus, seventeen of 
twenty small inocula from a “‘flat’’ pro- 
duced by mating a “‘streak’’ of mating 
type A'B' with a wild-type monokaryon 
of. mating type A‘B’, ie., A'B's X 
A'B?+, gave rise to “streaks”; two 
others were wild-type, and one did not 
grow. The seventeen “‘streaks’”’ were all 
A'B's; the wild-type were A'B?+. 

“Streak”’ occasionally sectors out of a 
dikaryon having a “‘streak’”’ nucleus but 
not so frequently as it does from a “‘flat’’ 
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heterokaryon. Similarly, nearly all single 
hyphae from such dikaryons grow into 
dikaryons and only rarely into “‘streak”’ 
mycelia. 

The following preliminary experiments 
were made to ascertain some of the fac- 
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tors that might be involved in the regular 
production of “streak.” 

“Streak” mycelia can be isolated from 
the conglomerate culture produced when 
a small amount of “‘streak,”’ e.g., A'B's, 
is blended with the monokaryons A'B'+ 


Fics. 7-10.—Fig. 7, hyphae of new “streak” growth on old culture of blended “flat.” Fig. 8, “streak” 


( 


sector in “flat” mycelium containing “streak” nucleus (A'B's X A'B?+). Fig. 9, “streak” mycelium shewing 
phenomenon of elasticotropism. Fig. 10, dwarf “streak.” 
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and A'B*+ and the resulting mixture is 
plated out. The appearance of “streak”’ 
growth in a conglomerate culture in 
which “streak’’ nuclei have been deliber- 
ately added is different from that which 
appears in a similar culture in which no 
such nuclei are introduced. When these 
nuclei are added, growths of “streak”’ 
appear in very young cultures, most fre- 
quently as sectors around the periphery 
of the growing culture. 

Blends of single monokaryons do not 
give rise to ‘‘streak.’’? The question of the 
behavior of a “‘streak’’ nucleus in a my- 
celium of its own mating type has not yet 
been resolved. It would appear, more- 
over, that the nuclei do not migrate in a 
mating such as A’B's X A'B'+, since 
all efforts to obtain “streak’’ from the 
wild-type partner in such matings have 
failed. 

Experiments were performed to find 
out whether nuclei could migrate into a 
‘streak’? mycelium. Complex matings 
similar to those described in connection 
with ‘‘flat’’ were used. It was found that 
both in matings producing “‘flat”’ and in 
matings producing dikaryons, the wild- 
type nucleus failed to migrate into the 
“streak”? mycelium. 

Another characteristic of “‘streak’’ my- 
celia is that they never fruit. Many com- 
binations were repeatedly but unsuccess- 
fully put to fruit. 

Two further properties distinguish 
“streak” from wild-type mycelia: First, 
“streak”’ produces two distinct pigments: 
a pale, yellow, water-soluble pigment oc- 
curring sporadically in the mycelium it- 
self, especially in old cultures, and an in- 
tense, greenish-blue pigment, very strik- 
ing in appearance, forming in the me- 
dium in very old cultures, especially in 
those stored for some time at 5° C. Sec- 
ond, “‘streak’’ mycelia display ‘“‘elastico- 
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tropism,’’ an imaginative but accepted 
term which fits the present data. Elasti- 
cotropism denotes a directed growth 
along the lines of stress in the medium. 
It has been observed and studied in vari- 
ous bacteria and has been shown to be of 
significance in embryology (30). It has 
not, so far as the author is aware, been 
reported in any plant except the bacteria. 
This phenomenon is most easily demon- 
strated by transplanting “streak’’ onto 
the center of the agar in a Petri dish and 
making a long cut in the agar almost to 
the sides of the dish. If the agar is moder- 
ately dry, the cut gapes open as a result 
of shrinkage of the agar, and tension is 
set up in the agar parallel to the cut (fig. 
g). Groups of hyphae orientated at right 
angles to the cut divide into two smaller 
groups which proceed to grow in opposite 
directions parallel to the cut. The phe- 
nomenon of elasticotropism can also be 
demonstrated by growing “‘streak’”’ on a 
small rectangular block of agar laid on a 
glass rod to produce a strain as in the 
experiments of STANIER (28). The strain 
can be set up along the long, or the short, 
axis of the rectangular block, and in 
either case growth of the “streak’’ my- 
celium is in a direction parallel to the 
strain. In a further experiment a strain 
was set up in agar by pouring a small 
amount of agar onto a strip of sheet rub- 
ber, carefully stretching the strip of rub- 
ber after the agar had set and had par- 
tially dried, and anchoring the strip in 
the stretched position. Again growth was 
along the lines of stress in the agar. 
KUFFERAT (18) found that elastico- 
tropism was exhibited by Bacterium 


zopfii only when gelatin was used in the 
medium. There was no such effect with 
agar. In experiments with “‘streak’’ the 
opposite was found to be true, the effect 
being exhibited on agar but not on gelatin, 
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since gelatin is liquefied by “streak.” Be- 
cause dializing sheet cellophane is aniso- 
tropic, it was thought that the phe- 
nomenon of elasticotropism might be in- 
duced by it. Squares of cellophane were 
placed on nutrient agar and centrally 
inoculated with “‘streak.’’ In no instance 
was any tropic growth observed in the 
mycelia which grew out from the inocula. 

“STREAK’’ COMPARED WITH OTHER 
TYPES OF MYCELIA.—-The growth rate of 
“streak” on basic nutrient medium is 
about the same as that of the wild-type 
monokaryon and that of the dikaryon. 

When the medium was adjusted from 
pH 6.3 to 6.8, the four different types of 
mycelia—‘‘flat,”’ ‘‘streak,’ wild-type 
monokaryon, and dikaryon—grew well. 
The growth was similar in appearance to 
that on basic medium with the exception 
of the monokaryon and dikaryon, each of 
which developed less than the normal 
quantity of aerial hyphae. At pH 3.8 
‘‘flat,’” monokaryon, and dikaryon grew 
more slowly, and “streak” grew much 
more slowly than on basic medium. The 
difference in growth rates between 
“streak”? and the other mycelia at the 
two pH levels was striking. The “‘streak”’ 
mycelium, furthermore, did not exceed a 
diameter of about 3 cm. in the acid me- 
dia. All four mycelia, including “‘streak,”’ 
produced well-developed aerial systems 
at pH 3.8. 

The effects of lowered oxygen tension 
were determined. Cultures of the four 
types of mycelia, growing on basic me- 
dium, were placed under a bell jar in 
which the air was displaced by nitrogen. 
Under these semianaerobic conditions 
growth of all four mycelia was retarded, 
and there was in each case a marked 
absence of aerial hyphae. No new differ- 
ences between the different types of my- 
celia were observed; in fact, they re- 


sembled one another more than when 
grown under standard conditions. On 
subculturing to standard aerobic condi- 
tions they all grew normally. 

On inorganic medium containing glu- 
cose, asparagine, and pyrimidine the four 
mycelia, including “streak,” appeared 
normal but grew slowly. A nitrite-manni- 
tol medium (29) killed all four mycelia. 
When this medium was diluted by an 
equal amount of basic medium, all four 
mycelia grew slowly, and neither the 
monokaryon nor the dikaryon produced 
aerial hyphae. Subcultures onto basic 
medium were all normal, and no mutants 
were observed. 

VARIETIES OF “STREAK.’’—Most of the 
work described above was done with cul- 
tures derived from I (arg). The main re- 
sults were, however, checked with stocks 
from XV (ad) and XXV (mad), and it is 
probable that they could be duplicated 
in most stocks of the species. The various 
“streak’’ cultures derived, as previously 
described, from the three stocks agreed 
for the most part with the description 
given above. Some aberrant cultures 
were obtained, however, and they dif- 
fered in several respects. The most fre- 
quent aberrant type was a dwarf 
“streak”’ (fig. 10). Only one of these was 
tested, and it exhibited the dual mating 
type characteristic of ‘‘flat’’ when mated 
with testers of its own stock but was in- 
compatible with testers of the other two 
stocks. Two other aberrant ‘“‘streaks”’ in- 
hibited the growth of all testers with 
which they were mated and only dip- 
loidized testers of stocks different from 
their own. All the aberrant “‘streaks”’ re- 
sembled typical ‘‘streaks”’ in diploidizing 
unilaterally. These, and other, aberrant 
“streaks” will be reported on more fully 
as further data become available. 

The origin, properties, and mating 
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characteristics of the four types of my- 
celia are summarized in table 4. 


COMPATIBLE DI-MON MATINGS 


In Coprinus fimetarius, QUINTANILHA 
(26) found that, in a situation such that a 
monokaryon could be diploidized by two 
or more different nuclei simultaneously, 
the particular nucleus diploidizing the 
monokaryon was not a matter of chance 
but was always the same. Two series of 
experiments were performed. In one se- 
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ranged in a linear order of strength such 
that, where a choice existed, those nuclei 
having A alleles more than a certain 
value apart always formed the dikaryon. 

In view of the interesting results re- 
ported by QUINTANILHA, experiments 
were made to determine whether a simi- 
lar pattern could be demonstrated in 
Schizophyllum. Compatible di-mon mat- 
ings were employed in this series. The 
constitution of the resulting dikaryon 
was determined by further di-mon mat- 


TABLE 4 


PROPERTIES OF WILD-TYPE MONOKARYON, “FLAT,” “STREAK,” AND DIKARYON 


Wild-type single 


spore mycelium 


Origin 


A'B* mated 


Flat Streak 


A'B2 —_—_- A'B'X A'B? __> A'B? 


Dikaryon 


blended .4{'B* or A'B'+ A?B? 


Type of mycelium Monokaryon Heterokaryon Monokaryon Dikaryon 
Number of nuclei One Usually one Usually one Two 

per cell 
Mating reaction | Single Dual Single Dual* 
Diploidization | Bilateral Unilateral Unilateral 
Elasticotropism | (+)7 : 
Pigment None None Yellow and None 


* In di-mon matings. 
+ An occasional, barely perceptible, reaction. 


ries three or four different monokaryons 
were inoculated on the same plate, and 
the constitution of the resulting dikaryon 
was determined; in the other series com- 
patible di-mon matings were made, and 
the constitution of the newly formed 
dikaryon was determined. In these latter 
experiments it was found that the par- 
ticular side of the original mating which 
was subcultured for the di-mon mating 
was irrelevant to the constitution of the 
resulting dikaryon. Thus (A'B' + 
A*B*) X A3B3 gave rise to the same di- 
karyon as (A'B' + A’?B*) & A3B3, 
QUINTANILHA also found that the con- 
stitution of the resulting dikaryon was 
dependent on the particular A alleles in- 
volved and that the A alleles could be ar- 


dark blue 


ings as described in the section ‘‘Di-mon 
matings (the ‘Buller phenomenon’).”’ 
For the di-mon (A'B' + A?B?) X A3B3, 
for example, the testers A'B’, A3B', 
A’P3, and A’B* were used. These would 
distinguish the constitutions A'B' + 
A3B3, A?B? + A3B3, A'B' + A?B’, 
A'B? + A3B3, and A?B' + A3B3. For 
other possible constitutions other testers 
would be required. 

Results of the analysis of nineteen dif- 
ferent combinations are shown in table 5. 
Five additional combinations persistent- 
ly gave results which cannot be inter- 
preted without making complex and im- 
probable assumptions, and they have 
been omitted from the table. 

Formulation of a simple rule that 
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would account for these results is not 
easy or attempted here. The side of the 
original mating from which the inoculum 
for the compatible di-mon mating is 
taken was in every case irrevelant to the 
constitution of the resulting dikaryon. 
The choice of nuclei appears to be defi- 
nitely governed by some factor other 
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of the dikaryon apparently migrated into 
the monokaryon and became established 
there. This is what QUINTANILHA (24) 
found in one exceptional mating. It was 
also a compatible di-mon mating. More 
unexpected are the five different com- 
binations in which new nuclei were con- 
stituted. This is the first record, to the 


TABLE 5 


COMPATIBLE DI-MON MATINGS 


‘ , Constitution of an a 
Compati ile di-mon esultine time een P 
mating dikeovan per 
formed 
(4A'B'+ A2B?) X A3B3 A?B?+ A3B3 3 
(4'B!+ A?2B?) X A3B3 A?B?+ A3B3 2 
(A'B'+ AB?) X A3Bs A?B?+ A3B4 I 
(A'B!+ A?B?) X A4B3 A?B + A4B3 I New nucleus 
(A'B'+ A2B?) X A4B3 A?B'+ A4B3 I New nucleus 
(A'B2+ A2B') X A4B3 A?B?+-A4B3 I New nucleus 
(4A'B'+ A2B?) X A4sB4 A'B'+ AsB4 I 
(A'B?-+ A2B") X A4B4 A*B?+ A4B3 I 
(4'B'+ 43B3) X A2B? A3B3+ A?B? I 
(A'B'+ A4B4) X A2B? A4SB4A+ A2B? I 
(4'B'+ A4B4) X A?B? | 1*B4+ A2B? 
(4'B'+ 4B) XA3B3 | AB ASB 
or 
A*B4+ A4B' I Both nuclei 
migrated 
(A'B!+ A4B4) X A3B? A'B'+ A3B? I 
(42B2+ 43B3) X A+B 13B3+ A4B4 I 
(42B3+ 43B?) X A4B4 17B?+ A4B4 I New nucleus 
(47B3+ 43B?) X A4B! 1?B3+ A4B! I 
(4?B3+ A3B?) X ABs 127B?+A'Bs I New nucleus 
(42B3+ 43B?) X A'B! {2382+ A'B' I New nucleus 
(43B3+ A44B4) X A'B 13B3+ A4B4 I 
or Both nuclei 
13B4+ A4B3 migrated 


than the alleles of either of the incom- 
patibility factors. The situation is thus 
quite different from that in C. fimetarius. 
It should be emphasized that, although 
all the monokaryons of the same mating 
type used in this experiment came from 
the same culture, nothing is known of 
their genetic constitution apart from the 
incompatibility alleles. The experiment 
would yield more valuable results if iso- 
genic strains were used. 

Two interesting facts emerge from the 
results. In two combinations, both nuclei 


author’s knowledge, of the apparently 
useless occurrence of such a process in 
compatible di-mon matings. 


Discussion 

The different patterns of reactions 
found in matings between various types 
of monokaryotic mycelia in S. commune 
are not restricted to this species, and they 
may well be of widespread occurrence. It 
has been reported in various species of 
hymenomycetes that a “barrage’’ is 
formed when two monokaryons having 








alleles of a particular factor in common 
are mated (1). An intensive study of the 
literature has revealed that both ‘‘bar- 
rage’ formation and a reaction very 
similar to ‘‘flat’’ have been reported in 
Pleurotus corticatus (14) and that a pat- 
tern of behavior very similar to that re- 
ported here in noncompatible di-mon 
matings has been described in Pleurotus 
ostreatus (15). In the gasteromycete 
Cyathus, FuLTON (10) has shown that 
there are three distinct patterns obtained 
in matings between monokaryotic my- 
celia and that these correspond in some 
details to, the patterns found in Schizo- 
phyllum. It is difficult to assess how 
closely the phenomena described in these 
various species resemble the present find- 
ings in S. commune. The present work has 
demonstrated that ‘flat’? is a rather 
stable heterokaryon and that the my- 
celium in a “‘barrage’”’ region, in some 
cases, if not in all, is also heterokaryotic, 
having properties very similar to those of 
‘flat.’ Comparing this situation with the 
descriptions of ‘“‘barrages’’ in other or- 
ganisms, it appears that in no case has 
the formation of a ‘‘barrage’’ been attrib 
uted to heterokaryosis and that in the 
case of Lenzites betulina, according to 
published descriptions (1), the formation 
of a heterokaryon seems very unlikely. 
As regards ‘‘flat,”’ the response of certain 
monokaryons in P. corticatus, as far as 
one can judge from the available descrip- 
tion, fits very well with that giving rise 
to ‘‘flat’’ mycelia in S. commune, and it is 
unfortunate that the phenomenon was 
not more intensively studied in that spe- 
cies. The peculiar type of growth which 
was observed in noncompatible di-mon 
matings in P. ostreatus, on the other 
hand, did not persist in subcultures and 
would appear to differ in this and in 
other respects from the “‘flat’’ of S. com- 
mune. KAWAMURA concluded that this 
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peculiar type of growth in P. ostreatus is 
due to some reversible cytoplasmic effect. 

The demonstration, in Schizophyllum, 
that heterokaryons are produced in mat- 
ings between incompatible mycelia is sig- 
nificant, because it indicates that incom- 
patibility does not depend on failure of 
hyphal fusion or even on failure of nu- 
clear migration from one mycelium into 
the other. The incompatibility genes 
must be effective at some subsequent 
stage in the series of processes that lead 
to fruiting. The stable heterokaryon 
“flat,” which results from incompatible 
matings, can be compared with the “‘bal- 
anced heterokaryons”’ described in other 
organisms by PoNnTEcoRVO (23). The 
fundamental difference between ‘‘flat”’ 
and these “balanced heterokaryons”’ is 
that, in the case of “‘flat,’”’ there is no ob- 
vious selective mechanism that would 
account for the stability of the hetero- 
karyon. It must therefore be assumed 
that the rate of division of each type of 
nucleus is controlled by some unknown 
factor in such a way that the numbers of 
the two types of nuclei remain approxi- 
mately equal. 

One of the most interesting features of 
“flat’’ and of cultures from “‘barrage”’ 
regions is the property of unilateral dip- 
loidization. This property is not unique 
in S. commune among the basidiomycetes. 
GrEIs (11) has described the regular oc- 
currence of unilateral diploidization in 
matings between monokaryons of the 
hymenomycete, Solenia anomala. Bro- 
DIE, working with the gasteromycete 
Cyathus stercoreus, described various con- 
ditions intermediate between perfect bi- 
lateral diploeidization and perfect uni- 
lateral diploidization in the paper (2) in 
which the term “unilateral diploidiza- 
tion’’ was originally used. FULTON (10), 
using the same species as Bropie, found 
that unilateral diploidization depended 
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upon the ‘‘acceptor’’ mycelium, not on 
the “‘donor”’ mycelium, and that the “ac- 
ceptor’? mycelium had two or more nu- 
clei per cell. Such mycelia were not, how- 
ever, heterokaryons comparable with 
“flat.” Exceptional cultures have been 
described in Coprinus sphaerosporus (8) 
and C. fimetarius (25), which diploidize 
unilaterally. 

Heterokaryosis is not the only condi- 
tion which gives rise to unilateral dip- 
loidization. The monokaryon ‘‘streak”’ 
also diploidizes unilaterally. It will be 
shown in a further publication that 
“streak’’ is a single-gene mutant. The 
regular occurrence of “‘streak’’ under ap- 
propriate conditions is therefore of great 
interest, and investigations are in prog- 
ress on the nature of the processes in- 
volved. 

The present data support the theory 
of QUINTANILHA (26) that a new nucleus 
is sometimes formed in noncompatible 
di-mon matings. There is also evidence 
from these data that a new nucleus is 
sometimes formed in compatible di-mon 
matings, though the manner in which 
this is effected remains obscure. The 
present data favor neither of the two 
most likely hypotheses, viz., somatic in- 
terchange of chromosomes or fusion of 
nuclei followed by reduction. By obtain- 
ing genetic markers on each of the three 
chromosomes, this problem can be re- 
solved. 

It is of interest that the effective com- 
bination of nuclei in compatible di-mon 
matings is not random but that in a par- 
ticular cross the same nucleus of the es- 
tablished dikaryon always diploidizes the 
monokaryon. This suggests that the dif- 
ferent alleles are not completely equiva- 
lent but that there is a selection for given 
alleles under certain circumstances. That 
nonequivalence of the incompatibility al- 
leles holds in some other organisms is in- 


dicated by the replacement of one type of 
nucleus in a mycelium by another re- 
ported by Dickson (9), the relativity 
phenomenon described by LorENz (20), 
and the experiments of QUINTANILHA de- 
scribed above. Mutations of incompati- 
bility alleles are of frequent occurrence in 
Schizophyllum and will be described in a 
separate paper. A selection for certain 
alleles in a population was demonstrated 
by Kniep (17), who grew twenty-four 
generations of S. commune by making 
mass spore cultures of each generation to 
obtain the fruiting-body of the next gen- 
eration. For the first nine generations the 
allelic composition of the spores was 
variable, but all subsequent generations 
had the same four incompatibility al- 
leles, two of these having been among 
those present in the original culture and 
two being new. 

The finding that heterokaryons are 
formed in various incompatible matings 
and the discovery of the mutant “‘streak”’ 
which diploidizes unilaterally provide a 
basis on which some theory of the struc- 
ture of the incompatibility factors can be 
laid. They open the field to varied future 
investigations which may prove the 
basidiomycetes to rank high among the 
organisms used for studies in physiologi- 
cal genetics. 


Summary 


1. A standard system of nomenclature 
is used and is recommended for general 
adoption. This system proposes the fol- 
lowing terms: monokaryon, the mono- 
sporous mycelium containing only a 
single type of nucleus; dikaryon, the ‘‘sec- 
ondary mycelium”’ containing conjugate 
nuclei; A and B, specifically identified by 
superscripts, incompatibility factors at 
the two loci; di-mon matings, matings in- 
volving diploidization of a monokaryon 
by a dikaryon. 








2. Four distinct types of reaction are 
obtained in matings between mono- 
karyons of any stock. These reactions de- 
pend on the identity or difference of the 
alleles at each locus, thus: 

A'B' X A?B*—dikaryon 
A'B' X A'B'—overlap 
A'B' X A?B'—“barrage”’ 
A'B' X A'B’—“flat”’ 


3. “Flat,’’ and, in some instances, 
“barrage,” can be subcultured. Each ex- 
hibits a dual mating type, diploidizing 
the two types of monokaryon that their 
parental mycelia diploidize. From this 
and other observations it is concluded 
that “flat” and ‘‘barrage’’ are hetero- 
karyons. Only a minority of the cells of 
“flat,” however, contain more than one 
nucleus. ‘‘Flat’? and “barrage’’ always 
diploidize unilaterally and have never 
been found to produce clamp connections 
themselves. 

4. Three types of di-mon matings are 
distinguished: (a) Hemi-compatible, i.e., 
(A'B' X A?B?) X A'B', in which one of 
the nuclei of the dikaryon is compatible 
with that of the monokaryon (“‘legiti- 
mate’’); (b) noncompatible, i.e., (A'B* X 
A?B’) X A'B?, in which neither is com- 
patible (‘‘illegitimate’’); and (c) com- 
patible, i.e., (A'B' X AB’) X A3B3, in 
which both are compatible. 

5. Diploidization is much more regular 
in hemi-compatible than in noncom- 
patible di-mon matings. The constitution 
of the diploidized monokaryon in a non- 
compatible di-mon mating was deter- 
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mined by a new method, and it was 
found that a new nucleus is sometimes 
formed in these matings. 

6. An aberrant type of monokaryon, 
“streak,” is described. ‘‘Streak’’ shows 
many peculiar properties and resembles 
‘flat’? in diploidizing unilaterally in all 
compatible matings. 

7. ‘“Streak”’ mycelia are regularly and 
uniquely obtained from mixtures of two 
monokaryons having common A factors, 
i.e., from “‘flats.”’ 

8. A series of compatible di-mon mat- 
ings were made with mycelia having vari- 
ous incompatibility alleles, and the type 
of the nucleus that diploidized the mono- 
karyon in each case was determined. No 
relativity phenomena comparable with 
those described by QUINTANILHA were 
found, but certain regular departures 
from random diploidization were ob- 
served. In some cases a new nucleus was 
superfluously formed; in others, both nu- 
clei of the dikaryon migrated into the 
monokaryon, displacing its nuclei. 
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GENE ANALYSIS OF WEIGHT 


PER LOCULE IN TOMATO HYBRIDS 


LEROY POWERS' 


Introduction 

The scales of measurement appropri 
ate for studying weight per locule in the 
parental and hybrid populations of the 
tomato crosses Danmark X Johannis- 
feuer, Danmark X Red Currant, and 
Johannisfeuer X Red Currant have been 
determined (14). The present article re- 
ports on a gene analysis of weight per 

t Principal geneticist, Bureau of Plant Industry, 
Soils, and Agricultural Engineering, Agricultural Re- 


search Administration, United States Department 
of Agriculture. 


locule, for the above hybrids, based on 
the scales of measurement found to be 
appropriate for describing the biological 
processes bringing about the expression 
of the character. 


Materials and experimental design 


The parents involved were Danmark 
(Lycopersicon esculentum Mill.), Red 
Currant (L. pimpinellifolium Mill.) and 
Johannisfeuer (L. esculentum Mill.). The 
statistical design of the experiment was a 
randomized complete block with twenty 








blocks, two plots of each segregating gen- 
eration being grown per block to one plot 
of the two parents and F, in 1938, and 
one plot of each population being grown 
per block in 1939. In 1938 twenty-four 
plants were grown per plot and in 1939 
only twelve. The genetic design of the ex- 
periment included every possible differ- 
ent hybrid between the three parents and 
the P,, B, to P,, F;, F,,; B, to P,, and P, 
populations for each hybrid. The paren- 
tal and hybrid populations of Dan- 
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the F, and Danmark populations fol- 
lowed the logarithmic scale. The environ- 
mental variability of the segregating 
populations (B, to Johannisfeuer, I’,, and 
B, to Danmark) followed neither scale, 
arithmetic or logarithmic. The data 
were interpreted as showing that all the 
segregating generations possessed plants 
of two types as regards scales of measure- 
ment appropriate for describing the en- 
vironmental variability. Since the en- 
vironmental variability of Johannisfeuer 


TABLE 1 
DEGREES OF FREEDOM, CHI-SQUARE VALUES, AND P VALUES FOR TESTING GOODNESS OF FIT BETWEEN 
OBTAINED FREQUENCY DISTRIBUTIONS AND THOSE CALCULATED ON BASES OF ARITHMETIC AND 
OF LOGARITHMIC SCALES FOR WEIGHT PER LOCULE OF FRUIT; DANMARK X JOHANNISFEUER TO 


MATO HYBRID GROWN IN 1938 


DEGREES OF 


CuI 
FREEDOM | 
POPULATION 
Log- 
Arith- | sb , ; 
. | arith- | Arithmetic 
metic x j 
mic | 
Be a arr | 
Johannisfeuer. . . ae | 8 | 10 11.636 
B,; to Johannisfeuer . 13 15 118.466 
F, re 14 13 67.582 
FP; sie a8 16 | 19 136.745 
B, to Danmark 16 | 17 77.482 
Danmark ssaul "SG: | “26 52.572 


mark X Johannisfeuer and Danmark 
Red Currant were grown at the Horticul- 
tural Field Station, Cheyenne, Wyoming, 
in 1938, and those of Johannisfeuer X 
Red Currant were grown at the same lo- 
cation in 1939. The partitioning method 
(15) was used to analyze the data. 


Results 
DANMARK X JOHANNISFEUER 
In a previous publication on determin- 
ing scales and the use of transformations 
Powers (14) has shown that for the 1938 
data the environmental variability for 
the Johannisfeuer population followed 
the arithmetic scale and that those for 


SQUARE P LIES BETWEEN 


Logarithmic | Arithmetic 


Logarithmic 


44.326 0.20&0.10 | oo & 
35.936 | or & .o1 & 
6.800 or & | .95 & 0.90 
33.310 or & o2& .o! 
47.078 | or & .o1 & 
17.016 o.o1 & 0.50 & 0.30 


plants followed the arithmetic scale and 
that of the F, and Danmark plants the 
logarithmic scale, such might be ex- 
pected. The data are presented in table 1. 

The data in table 1 provide the infor- 
mation necessary for determining the 
scales of measurement appropriate for 
describing the environmental variability 
of the different genotypes of the segregat- 
ing populations. Considering the parents 
as being differentiated by three pairs of 
genes, the genotypes and scales for the 
two parents, the F,, and the two back- 
cross populations are shown in table 2. 
It can be seen that the environmental 
variability for some genotypes of the B, 
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to Johannisfeuer, the F., and the B, to 
Danmark populations would follow the 
arithmetic scale and for others the loga- 
rithmic scale. The genotypes and scales 
for the F, population are not listed since 
they can be derived readily from those 
given for the two backcross populations. 
Under the genetic hypothesis derived 
from the data of table 1, it can be deter- 
mined that an increase in the number of 
gene pairs differentiating the parents 
would not change the ratio of plants fol- 
lowing the arithmetic scale to those fol- 
lowing the logarithmic scale for the B, to 
Johannisfeuer population. For the B, to 
Danmark and the F, populations, how- 
ever, an increase in the number of genes 
differentiating the parents would in- 
crease the proportion of those following 
the arithmetic scale. A 1:1 ratio would 
be approached. 

Also, it can be seen from table 2 that 
one A gene to any two other genes repre- 
sented by capital letters causes the en- 
vironmental variability of plants pos- 
sessing them to follow the logarithmic 
scale. When there is a deviation of this 
ratio in favor of B and C, however, the 
environmental variability of plants pos- 
sessing such genotypes follows the arith- 
metic scale. Likewise, the environmental 
variability of plants of genotypes not 
possessing at least one A follows the 
arithmetic scale. 

The data for determining the manner 
in which the effects of the genes accumu- 
late are given in table 3. First the means, 
both arithmetic and logarithmic, for the 
cross involving Danmark X Johannis- 
feuer show that phenotypic dominance is 
partial. This could be due to the fact 
that, the greater the number of genes 
acting in the same direction, the smaller 
the effect of any given gene (RAsMus- 
son’s interaction hypothesis [16]). The 
effects of the genes could be forming a 
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geometric progression, the sum of which 
is equal to the difference between the 
means of the two parents. Then, S, 
equals a + ar + ar? + ar? +... 4 
ar"-*, in which S,, is the sum of the pro- 
gression, @ is the first term, and 7 is the 
common ratio. S, equals a(1 —r")/(1 — 
r), and a equals S,(1 — r)/(1 — 7”). 
The method of determining the con- 
tribution of each additional gene to 


TABLE 2 
Johannisfeuer 


aabbcc Arithmetic 


B, to Johannisfeuer 
aabbcc Arithmetic 
aabbCe Arithmetic 
aaBbec Arithmetic 
aaBbCc Arithmetic 
Aabbcc Logarithmic 
AabbCc Logarithmic 
AaBbe« Logarithmic 
AaBbCe Logarithmic 
F 


1 
AaBbCe 
Danmark 


Logarithmic 


AABBCC Logarithmic 
B, to Danmark 
AaBbCc Logarithmic 
AaBbCC Arithmetic 
AaBBCc Arithmetic 
AaBBCC Arithmetic 
AABbCc Logarithmic 
AA BbCC Logarithmic 
AABBCc Logarithmic 
AABBCC Logarithmic 


weight per locule will be illustrated for a 
hybrid in which the parents are differen- 
tiated by three pairs of genes. In such a 
case 7 is six. An underestimate of r can be 
obtained from the formula r = (F; — 
P,)/P, — P,). By substitution and solv- 
ing the equation, r = 0.630885. By solv- 
ing the equation a= S,(1 —r)/(a— 
r"), the first term of the progression is 
found to be 2.091901 gm. per locule. The 
value of ry must be such that the first 
three terms of the progression will equal 
F, — P,, which in this case is 3.35 gm. per 
locule (table 3). The contribution of each 
additional gene to weight per locule in 
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grams for different trial values of r is 
shown in table 4. 

In the first trial the sum of the first 
three terms was too high, equaling 4.24 
gm. per locule instead of 3.35 gm. The 
second trial was too low, equaling 3.20 
gm., but the third trial was sufficiently 
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pansion of the binomial as a tool in the 
study of continuous variation. In the 
present study the expansion of the bi- 
nomial is used to determine the number 
of different phenotypic classes, the pro- 
portion of each phenotype expected in 
the population, the scale appropriate for 


TABLE 3 


MEANS AND STANDARD ERRORS OF OR 
PRESSED IN GRAMS, MEANS AND STANDAR 
INDIVIDUAL-PLANT DATA, AND NUD 


POPULATICN 
Arithmetic 


(Gm.) 
Johannisfeuer 4.61+0.446 
B, to Johannisfeuer 6.72+ .425 
F, 7-90 419 
F, ; 8.35+ .467 
B, to Danmark 8.32+ .399 
Danmark 9.92+0.691 


TABLE 


ARITHMETI( 
ADDITIONAL 


GENES 

r=0.630885 r=0.869565 
I 2.O0gIQOI I. 220086 
2 I. 319749 1.060944 
3 0.832610 0.922560 
4 0.525281 0.802226 
5 ©. 331392 0.697588 
0 0. 209070 0.606598 


close, as the sum of the first three terms 
was 3.36 gm. In all cases the total effect 
of the genes adds to P,; — P., which is 5.31 
gm. per locule for the Danmark X Jo- 
hannisfeuer hybrid. For those genotypes 
in which the environmental variability 
followed the logarithmic scale the effects 
of each additional gene were determined 
in a similar manner, and the data for the 
value of 7, giving the sum of the first 
three terms equal to F, — P,, are listed in 
the fifth column of table 4. 

I-MERSON and East (3) used the ex- 


IGINAL INDIVIDUAL-PLANT DATA EX- 
D ERRORS OF LOGARITHMS OF ORIGINAL 
{BER OF PLANTS PER POPULATION 


MEAN 


NUMBER OF 


° ° PLANT 
Logarithmic P 
(Logarithms of grams) 
0.612356+0.036228 452 
777214+ .021381 928 
861250+ .023913 409 
874792+ .018177 932 
876293+ .021854 g2i 
0.951353 £O.032347 450 
Kk 4 

LoGARITHMI( 
r =0.83 3333 r=0.712708 

I. 330626 0. 112080426 

1. 108855 079880569 

0.924046 056931487 

0.770038 0409575502 

0.641698 028918468 

0.534748 ©.020010411 


measuring the environmental variability 
of each theoretical genotype on the basis 
of the hypothesis advanced, and the 
theoretical means of the genotypes. Since 
the data indicate that the Aa gene pair 
conditions a scale of measurement differ- 
ent from that for the other pairs, it is 
desirable to illustrate the application of 
the use of the binomial in making the 
above determinations. Again, three pairs 
of genes will be used to illustrate the pro- 
cedure. 

In table 5 the numbers of individuals 
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in the population for the aa and AA 
genotypes are the coefficients of the ex- 
pansion of the binomial, and the num- 
bers of dominant genes are the exponents 
of k. For example, row heading “‘x4”’ un- 
der aa has no dominant genes, and row 
heading ‘‘x*h?”’ under aa has two domi- 
nant genes. The numbers of individuals 
in the population for the Aa genotypes 
are two times the coefficients of the ex- 
pansion of the binomial. As previously 


feuer (4.61) gives 5.94, the mean value of 
table 5 listed under aa and row heading 


‘*¢3h.”’ In calculating the theoretical fre- 


quency distributions, those classes hav- 
ing the same means, as regards both scale 
and magnitude, are combined in the ta- 
bles which follow. The method of deter- 
mining the number of individuals in the 
population, scale of measurement (arith- 
metic or logarithmic), and theoretical 
means as determined by the expansion of 


TABLE 5 


NUMBER OF INDIVIDUALS IN POPULATION, SCALE OF MEASUREMENT (ARITHMETIC OR LOGARITHMIC 
AND THEORETICAL MEANS AS DETERMINED BY EXPANSION OF THE BINOMIAL FOR 
F, GENERATION, SEGREGATION OF Aa GENES BEING SHOWN 


SEGREGATION OF Aad PAIR OF GENES 


EXPANSION 
aa 1 1A 
OF 
BINOMIAI 
Mean ; Mean Mean 
No Scale : o Scale ye No Scale 
Gm.) (Log & gm.) Log) 
‘ I Arithmetic 4.61 2 | Logarithmic | 0.724436 1 | Logarithmic ©. 804317 
xh 4 | Arithmetic 5.94 8 | Logarithmic ©. 804317 4 | Logarithmic 861250 
wh? 6 | Arithmetic 7.05 12 | Logarithmic 0.861250 6 | Logarithmic go1824 
xh3 4 | Arithmetic 7.96 8 | Arithmetic 8.74 4 | Logarithmic 930742 
hs I Arithmetic 8.74 2 | Arithmetic 9.38 I Logarithmic 0.951353 


stated, the environmental variability of 
all genotypes possessing aa would follow 
the arithmetic scale, and that of all 
genotypes possessing AA would follow 
the logarithmic scale. For those geno- 
types of table 5 listed under Aa, when the 
exponent of / is 2 or less (i.e., 2 or less of 
B or C genes), the environmental varia- 
bility will follow the logarithmic scale, 
and when the exponent of hk is greater 
than 2, the environmental variability 
will follow the arithmetic scale. The 
mean values are obtained by adding to 
the mean of Johannisfeuer the respective 
effect of gene substitution given in table 
4. For example, the first dominant gene 
substitution adds 1.33 gm. per locule, 
and this added to the mean of Johannis- 


the binomial (table 5) has been illus- 
trated for the F, generation. It is equally 
applicable to the backcross generations, 
however, and for any number of gene 
pairs differentiating the parents. 

The partitioning method of Powers ef 
al. (15) was used in analyzing the data. 
In their paper two ways of determining 
the theoretical frequency distributions 
were given. In the first case, illustrated 
by measurements on percentage of flow- 
ers that set fruit, it is desirable to have 
the measurements on the scale appropri- 
ate for describing the biological processes 
responsible for the production of the 
character under study. The second case, 
as illustrated by number of locules, ac- 
cepts the scale followed by the two back- 
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cross generations and therefore is not de- 
pendent upon determining the scale of 
measurement suitable for describing the 
character. In the present article the ap- 
propriate scales of measurement had 
been determined (14) and were employed 
in the gene analysis. 

The obtained frequency distributions, 
the theoretical frequency distributions 
based on one, two, three, four, and ten 
pairs of genes conditioning weight per 
locule, degrees of freedom, chi-square 
values, and P values for the Danmark X 
Johannisfeuer hybrid grown in 1938 are 
given in table 6. The theoretical fre- 
quency distributions based on the as- 
sumption that the parents are differenti- 
ated by two pairs of genes give an ac- 
ceptable fit for all three segregating gen- 
erations. The data are not discriminatory 
in ruling out the possibility that three 
pairs of genes could be differentiating the 
parents, as the frequency distributions 
based on such an assumption give a fair 
fit with the obtained frequency distribu- 
tions. 

The theoretical frequency distribu- 
tions of table 6 for one pair of genes were 
calculated on the assumption that Aa 
was the only pair of genes that had any 
influence on weight per locule. It was as- 
sumed, however, that both the Aa and 
the Bb gene pairs differentiated the scale 
of measurement in the manner shown in 
table 2. The assumption that only one 
pair of genes differentiated both weight 
per locule and the environmental scale is 
not in agreement with the data of table 1, 
because the data show that both scales of 
measurement must be involved in all 
segregating populations. Consequently, 
in testing whether weight per locule is 
differentiated by only one pair of genes, 
to be logical it is necessary to assume at 
least two pairs of genes differentiating 
the scale of measurement and that only 
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one has any effect on weight per locule. 
It can be seen from the data of table 6 
that the frequency distribution of the F, 
population is not in agreement with this 
hypothesis. 

The data are fairly convincing that 
Danmark and Johannisfeuer, as regards 
weight per locule, are differentiated by 
comparatively few pairs of genes, prob- 
ably two or three. These same pairs of 
genes are conditioning the scales of 
measurement followed by the environ- 
mental variability. 


DANMARK X RED CURRANT 


In a previous publication (14) it was 
reported that, after combining the first 
two classes, the environmental variabil- 
ity followed the logarithmic scale for all 
six populations (both parents, F’,, F., and 
the two backcross populations). The ob- 
tained frequency distributions, the the- 
oretical frequency distributions based on 
five, ten, fifteen, twenty, and forty pairs 
of genes conditioning weight per locule, 
the degrees of freedom, chi-square val- 
ues, and P values for the hybrid Dan- 
mark X Red Currant grown in 1938 are 
given in table 7. 

A study of table 7 shows that data for 
all three segregating populations lead one 
to reject the hypothesis that weight per 
locule is conditioned by as few as five 
pairs of genes. The F, data indicate that 
the parents are differentiated by forty or 
more pairs of genes. The fit between the 
obtained and theoretical frequency dis- 
tributions for the grand total, based on 
forty pairs of genes, is good. The chi 
square for forty pairs of genes totaled 
20.789 for the three segregating popula- 
tions, and the P value for 15 degrees of 
freedom lies between 0.20 and o.10. Since 
L. pimpinellifolium and L. esculentum 
have only twelve pairs of chromosomes, 
it is apparent that some of the pairs of 
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genes are carried on the same chromo- 
some. Likewise, many more than forty 
pairs of genes may be differentiating 
weight per locule in the segregating popu- 
lations of the hybrid involving Danmark 
and Red Currant, because in such a 
study it is not possible to distinguish be- 
tween blocks of fairly closely linked 
genes and individual pairs of genes. In 
either event, however, the data are rather 
conclusive in showing that a polygenic 
system is involved in differentiating 
weight per locule in the Danmark X Red 
Currant cross. 
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JOHANNISFEUER X RED CURRANT 

The analysis of the data to determine 
the scale of measurement appropriate for 
describing the environmental variability 
for the populations of the hybrid, Johan- 
nisfeuer X Red Currant, is given in a 
previous publication (14). The calcula- 
tion of the theoretical frequency distribu- 
tions was based on the scales of measure- 
ment found to be appropriate. The ob- 
tained frequency distributions, the theo- 
retical frequency distributions for five, 
ten, and twenty pairs of genes, degrees of 
freedom, chi-square values, and P values 


TABLE 7 


OBTAINED FREQUENCY DISTRIBUTION, THEORETICAL FREQUENCY DISTRIBUTIONS FOR 5, 10, 15, 
20, AND 40 PAIRS OF GENES, DEGREES OF FREEDOM, CHI-SQUARE VALUES, AND P VALUES 


FOR HYBRID DANMARK X RED CURRANT GROWN IN 1938 
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are given in table 8. The data for B, to 
Red Currant and for F, populations show 
that the two parents are differentiated 
by more than five pairs of genes, and 
probably by more than twenty pairs of 
genes. This latter statement is evident 
from the fact that the obtained frequency 
distribution for the F, generation has so 
few plants in the fourth, fifth, and sixth 
classes as compared with the theoretical 
frequency distribution based on twenty 
pairs of genes. The obtained frequency 
distribution for the F, population has 
more plants in the first class and fewer in 
the second class than the theoretical fre- 
quency distribution twenty 
pairs of genes. Such being the case, it is 
evident that the obtained frequency dis- 


based on 
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tribution will not give a good fit with a 
theoretical frequency distribution based 
on more than twenty pairs of genes. 
The situation described immediately 
above is that expected if both major 
genes and polygenes are differentiating 
weight per locule in the segregating pop- 
ulations of the Johannisfeuer X Red 
Current hybrid. The major genes reduc- 
ing locule size must have entered the 
cross from the Johannisfeuer parent and 
must be few in number to cause so many 
individuals to fall in the lower classes of 
the F, population. The number of such 
major gene pairs differentiating the par- 
ents probably is not greater than two or 
three. This same shifting of the plants to 
the lower classes is noticeable also in the 


TABLE 8 


OBTAINED FREQUENCY DISTRIBUTIONS, THEORETICAL FREQUENCY DISTRIBUTIONS FOR 5, 10, 
AND 20 PAIRS OF GENES, DEGREES OF FREEDOM, CHI-SQUARE VALUES, AND P VALUES FOR 
HYBRID JOHANNISFEUER X RED CURRANT GROWN IN 1939 
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B, to Johannisfeuer population. It is not 
sufficiently pronounced, however, for chi 
square calculated from the detailed fre- 
quency distribution to be discriminatory. 
If the first three classes are grouped to 
make one class, however, and the last five 
grouped to make another class, the chi- 
square value (3.906 with 1 degree of free- 
dom) has a P value slightly iess than 
0.05. Hence, the obtained frequency dis- 
tribution of the B, to Johannisfeuer pop- 
ulation supports the conclusion drawn 
from the F, data: namely, that both ma- 
jor genes and polygenes differentiate the 
Johannisfeuer and Red Currant parents 
and that the pairs of major genes are few 
in number and the pairs of polygenes 
large in number. 


Discussion 


Of the earlier work showing that a 
number of genes differentiate a charac- 
ter, that of Nitsson-EHLE (10, 11, 12) is 
classical. HAYEs (4), East (1, 2), EMER- 
sON and East (3), and others showed 
that, at least in some cases, the quantita- 
tive characters are differentiated by a 
large number of genes (multiple factor 
hypothesis). That genes having major 
effects are also responsible for the differ- 
entiation of quantitative characters has 
been shown by the researches of HAYES 
and HARLAN (5), WARREN (18), Lrnp- 
STROM (6, 7), and POWERS (13). 

Of the more recent work showing that 
polygenes (multiple factors) are involved 
in differentiating the quantitative char- 
acters, that of MATHER (8, 9) and that of 
STRAUS and GOWEN (17) are of particular 
interest. MATHER showed that the num- 
ber of abdominal chaetae in Drosophila 
melanogaster was differentiated by a 
large number of genes, any one of which 
by itself must be having an extremely 
small effect. Straus and GOWEN, study- 
ing heterosis in egg production for a 
cross between two inbred strains of D. 
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melanogaster, showed an increase in egg 
production of almost 100% above the 
average of the parents. Genetic analysis 
demonstrated that significant amounts 
of heterosis were contributed by each 
chromosome pair. The total heterotic in- 
crease equaled the sum of the individual 
effects; that is, no interaction or combi- 
nation effects between genes carried on 
different chromosomes could be detected. 
Moreover, the heterosis due to the indi- 
vidual chromosomes proved to be pro- 
portional to their active length as meas- 
ured by band number in the salivary 
chromosomes and by crossover units. 
These results show that a large number 
of genes must be conditioning heterosis 
in this Drosophila cross and that they 
must be scattered fairly uniformly along 
the active length of the chromosomes to 
give the observed effects. 

The data for the Danmark X Johan- 
nisfeuer hybrid are most logically inter- 
preted on the basis that the parents are 
differentiated by two or three major gene 
pairs; the data for the Danmark X Red 
Current hybrid, on the basis that the 
parents are differentiated by polygenes 
(ten or more pairs of genes). Probably all 
the twelve pairs of chromosomes of this 
latter cross carry genes differentiating 
weight per locule. Accordingly, the find- 
ings for weight per locule of tomato fruits 
in the Danmark X Red Currant hybrid 
have a great deal of similarity to the find- 
ings for egg production in D. melanogas- 
ter (17). It should be pointed out, how- 
ever, that in the present study there was 
no direct proof that every chromosome 
carried genes conditioning weight per 
locule. As would be expected from a 
study of the Danmark X Johannisfeuer 
and the Danmark X Red Currant hy- 
brids, the parents of the Johannisfeuer X 
Red Currant hybrid were found to be dif- 
ferentiated by a large number of genes, 
and both types of genes, those individ- 
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ually having major effects and those indi- 
vidually having minor effects, were found 
to be segregating in the hybrid popula- 
tions. The genes having major effects 
were found to be few, whereas those hav- 
ing minor effects were found to be nu- 
merous. The minor genes, collectively, 
had a greater effect on weight per locule 
than did the major genes, collectively. It 
is interesting that both of these gene sys- 
tems are conditioning weight per locule 
in the same cross and can be detected. 

Furthermore, the data are of interest 
because of the bearing they have on 
whether it is possible in quantitative in- 
heritance studies to distinguish between 
fairly closely linked blocks of genes and 
individual genes. In this study it was not 
possible to do so. As far as recombination 
is concerned, the results are similar 
whether fairly closely linked blocks of 
genes or individual genes are involved. 
In so far as theoretical genetics is con- 
cerned, it would be desirable to distin- 
guish between the two systems. 

For those hybrids in which the en- 
vironmental variability is considerably 
greater than the variability attributable 
to differences between genotypes, it 
seems that the partitioning method is not 
so discriminative as are the methods 
available for making gene analyses of 
qualitative characters. This fact is 
brought out by the data of table 7, which 
show that the backcross generation data 
fit several genetic hypotheses almost 
equally well. 

Summary 

1. The parents involved in the gene 
analysis of weight per locule in tomato 
hybrids were Danmark (Lycopersicon 
esculentum Mill.), Red Currant (LZ. 
pimpinellifolium Mill.), and Johannis- 
feuer (L. esculentum Mill.). These were 
crossed in all possible combinations, and 


the P,, B, to P,, F,, F., B, to P., and P, 
populations for each cross were included 
in the study. 

2. A method of determining the con- 
tribution of each additional gene to 
weight per locule is illustrated for a hy- 
brid in which the parents are differenti- 
ated by three pairs of genes. It can be ap- 
plied to those cases in which the parents 
are differentiated by any number of pairs 
of genes. 

3. The use of the expansion of the 
binomial for the following purposes is il- 
lustrated: To determine the number of 
different phenotypic classes, the propor- 
tion of each phenotype expected in the 
population, the scale appropriate for 
measuring the environmental variability 
of each theoretical genotype on the basis 
of the hypothesis advanced, and the the- 
oretical means of the genotype. 

4. The data for the Danmark X Jo- 
hannisfeuer hybrid are most logically 
interpreted on the basis that the parents 
are differentiated by two or three major 
gene pairs; and the data for the Dan- 
mark X Red Currant hybrid, on the ba- 
sis that the parents are differentiated by 
polygenes (ten or more pairs of genes). 

5. As would be expected from a study 
of the Danmark X Johannisfeuer and 
the Danmark X Red Currant hybrids, 
the parents of the Johannisfeuer X Red 
Currant hybrid were found to be differen- 
tiated by a large number of minor gene 
pairs, and both types of genes, those indi- 
vidually having major effects and those 
individually having minor effects, were 
found to be segregating in the hybrid 
populations. Only a few (probably two 
or three) major pairs of genes were seg- 
regating in the hybrid populations of the 
Johannisfeuer X Red Currant cross. 
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PELTASTROBUS REEDAE: A NEW SPHENOPSID CONE FROM 
THE PENNSYLVANIAN OF INDIANA 


ROBERT W. 


Introduction 

Several years ago the author and Dr. 
H. N. ANDREWS made an extensive col- 
lection of coal balls at a large strip mine 
approximately 10 miles north of Boone- 
ville, Indiana. The mine (Wasson Coal 
Mining Co.) is located in the upper part 
of Warrick County, and the coal is re- 
garded as Petersburg or Alum Cave 
(Indiana no. 5 coal). This is correlative 
with the Harrisburg (Illinois no. 5 coal) 
and is approximately upper-middle 
Pennsylvanian in age. The material 
proved excellent and so far has yielded a 
wide variety of unusually well-preserved 
Pennsylvanian plant remains. 


BAXTER 


The present account (which we hope 
to be the first of a series on plants from 
this locality) is concerned with several 
specimens of a small Sphenophyllum or 
Calamites cone to which our interest was 
first attracted by the unusual preserva- 
tion of the spores in which nuclei are to 
be clearly distinguished. 

Mr. R. M. KosankeE of the Illinois 
Geological Survey, to whom we showed 
photomicrographs of the spores and 
nuclei, drew our attention to an article 
by Dr. FrReppA REED (11) in which 
sporangia with similar spores were de- 
scribed. Her description and illustrations 
were clearly of a similar fructification 
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from Illinois coal balls. Owing to the 
fragmentary nature of her material, how- 
ever, Dr. REED limited herself to a brief 
description and illustration, stating that, 
‘with the information at hand it does not 
seem wise to establish a new genus for 
the reception of these clusters of spo- 
rangia; hence they are simply recorded as 
new fructification fragments possessing 
Calamitean characters.” 

Although our material also leaves a 
good deal to be desired in its complete- 
ness, we do feel that it presents enough 
additional evidence to warrant the crea- 
tion of a new cone genus, which we have 
named Peltastrobus reedae in recognition 
of Dr. REED’s original account. 


Description 


Peltastrobus gen. nov..-A small cone 
consisting of whorls of six to nine peltate 
sporangiophores each bearing thirty to 
forty sporangia in two to three concentric 
cycles on the adaxial margin of the pel- 
tate disk. The outer whorl of sporangia 
pedicellate, the inner whorls _ short 
stalked or sessile; lacking associated 
sterile bracts. 

Cone 
very small, not exceeding 4 mm. in 
diameter with sporangiophores 1.6 mm. 
in length. Numerous opaque secretory 
cells in sporangiophore stalk. Sporangial 
walls one cell thick, cells sinuous in face 
view, spores monolete, elongate-elliptical 
with no evident sculpturing of the walls. 

Horizon: Upper-middle Pennsylvani- 

an. 


Peltastrobus reedae spec. nov. 


Type: Slides 101-102, paleobotanical 
collection, Kansas University, Lawrence, 
Kansas. 

As in REED’s material, ours also does 
not permit the observation of any com- 
plete cones. Several peels, however, have 
shown strong evidence for the arrange- 
ment of the sporangiophores into a cone- 
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like structure. Figure 1 illustrates a por- 
tion of a cross section of a cone which 
had three sporangiophores in median 
longitudinal section and fragments of at 
least four to five other peltate disks with 
their associated sporangia. From the 
spatial geometry of this specimen it 
seems likely that there were nine spo- 
rangiophores in the whorl. The axis of the 
cone was evidently very small, since, 
where the position is not disrupted, the 
stalks of the sporangiophores all appear 
to meet at a small common central point. 
This possibly accounts for the fact that 
the strobili are always found in such frag- 
mentary condition. The individual spo- 
rangiophores, when seen in median longi- 
tudinal section, exhibit a stalk averaging 
1.6 mm. in length and 0.22 mm. in 
width at the base. They widen gradually 
toward the distal end, where the spo- 
rangiophore gives rise to a peltate expan- 
sion which averages 1.5 mm. in diameter 
when measured at right angles to the 
stalk from one incurved sporangia-bear- 
ing lobe to another directly opposite. The 
longitudinal view of the sporangiophore 
stalk shows four to six centrally placed 
tracheal elements with annular thick- 
enings inclosed by a cortical region five 
to six cells thick. The cells of this latter 
tissue are quite long and resemble the 
vascular tissues in both diameter and 
length. They show, however, no evidence 
of pitting or secondary wall sculpturing. 

Immediately surrounding the conduc- 
tive tissue is a loose sheath of elongated 
secretory or resin cells which are always 
completely opaque and dark brown or 
black in color. At the distal end, where 


the sporangiophore becomes peltate, 


these conductive, secretory, and cortical 
cells are seen to radiate out at right 
angles to the sporangiophore stalk form- 
ing the inner (adaxial) surface of the ex- 
panded apex. The outer (abaxial) surface 





Fics. 1-6.—Peltastrobus reedae Baxter. Fig. 1, cross section of portion of cone showing three sporangio 
phores with attached and associated sporangia. From slide 1o1. 31. Fig. 2, face view of sporangial epi- 
dermal cells showing sinuous shape. From slide 103. 71. Fig. 3, tangential cut through margin of peltate 
disk showing at left two sporangia of outer cycle. From slide 104. 58. Fig. 4, sporangium in lower center 
shows decrease in size of wall cells from point of attachment to distal end. From slide 105. X58. Figs. 5, 6, 
exact median-longitudinal view of single sporangiophore showing attachment of inner and outer whorls of 
sporangia. From slide 102. X42. 
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is covered by a single layer of very large 
cells, 150 4X75 mu in side view, arranged 
in a palisade fashion with their longer 
axis at right angles to the plane of the 
inner tissues. In face view these cells 
present a very sinuous appearance (fig. 
2). 

The sporangia are borne in two to 
three concentric whorls on the inner sur- 
face of the peltate expansion. The outer- 
most sporangia are formed by a lobing of 
the disk margin in which the layer of 
palisade cells appears to become double 
and to form the sporangial walls (fig. 3). 
As a result the cells in the wall of the 
upper half of these outer sporangia are 
often equal in size to those of the abaxial 
surface of the sporangiophore but gradu- 
ally diminish in size toward the unat- 
tached end (fig. 4). 

The inner whorl of sporangia arises 
where the large palisade cells first appear 
as a double layer, and their wall cells 
tend to be smaller and more uniform. 
Whereas the sporangia in the outer 
whorl often appear stalked as a result of 
the considerable incurving and elonga- 
tion of the marginal lobes, the inner 
whorl appears nearly sessile (figs. 5, 6). 

The sporangial walls in all cases are 
just one cell thick. The sporangia are 
oval to slightly elongated, averaging 
0.6 mm. X 0.4 mm. X 0.3 mm. The 
spores are numerous, monolete, elongate- 
elliptical, and show no evidence of wall 
sculpturing. They average 37 u X 22 u 
in our material, which possibly repre- 
sents an immature stage, since REED 
has indicated that in the Illinois speci- 
men they averaged 50 X 25m. The 
spores fall in the Laevigatosporites type. 

As mentioned previously our atten- 
tion was first attracted to the specimen 
in question by the constant occurrence of 
well-preserved nuclei in the spores. 
Figures 7-10 illustrate with unretouched 
photomicrographs the remarkable detail 


and preservation of the nuclear struc- 
tures. Descriptions of fossilized nuclei 
and chromosomes have appeared pre- 
viously in the literature (4, 5, 14, 15), but 
there has always seemed to be a con- 
siderable amount of skepticism in the 
minds of many paleobotanists that the 
proof was conclusive. Needless to say, in 
light of the present direct photographic 
evidence we do not feel that doubt about 
the matter can any longer be justified. 
The nuclei are constant, one to each 
spore, and of uniform size, being spheri- 
cal to slightly oval in shape and averag- 
ing 3.6 uw to 5.4 mu in diameter. Many of 
them show well-defined chromatin gran- 
ules (figs. 9, 10). A nuclear membrane 
(sometimes ruptured) is present. The 
nuclei are quite constant in their position 
within the spore, being held (with few 
exceptions) by the peripheral cytoplasm 
at the center of the spore on the inner 
surface (with reference to the original 
tetrad) so that they lie opposite the 
middle point of the monolete suture. Dr. 
EDGAR ANDERSON has been kind enough 
to look over several of the original peel 
slides and concurs with the author that 
the structures undoubtedly represent 
nuclei. 

Thus the degree of fixation and preser- 
vation carboniferous plants in coal 
balls can be definitely recognized as 
potentially equal to that obtainable by 
modern microtechnique methods with 
living plants. It is hoped that this fact, 
once known and accepted, will encourage 
many more workers in the field to look 
for histological and cytological details in 
addition to investigating the gross mor- 
phology and anatomy of the fossilized 
plant remains. 


Discussion 
The morphology and phylogeny of the 
sphenopsid cones, both living and fossil, 
have been discussed at length by numer- 
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Fics. 7—10.—Peltastrobus reedae Baxter. Fig. 7, three spores with nuclei. 1167. Fig. 8, general view of 
spores showing constancy of occurrence of nuclei. X 542. Fig. 9, portion of single spore enlarged to show 
details of nucleus. X3500. Fig. 10, single spore showing nucleus with chromatin granules. 1750. From 
slide 106. 
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ous investigators (3, 6, 9, 13, 16). In 
large part the problem has been one of 
interpreting the origin and relationships 
of the fertile sporangiophores and the 
sterile bracts and of deciding whether the 
bractless condition is primitive or re- 
duced. The bracts and sporangiophores 
have variously been regarded (3) ‘‘as 
lobes of a dorsiventrally divided sporo- 
phyll, or the bracts...as_ sterilized 
sporangiophores, or the  sporangio- 
phores . . . as fertile leaves.” 

Considering the two major orders in 
which sterile bracts are usually present 
(the Sphenophyllales and the Calami- 
tales), a fairly general distinction has 
been made in that the former are held to 
bear the sporangia or sporangiophores 
on the bract, while in the latter the 
sporangiophores are attached directly to 
the cone axis either above or in the axil 
of the bract. Also the calamitalian 
sporangiophores were thought to be con- 
stantly peltate, although recent investi- 
gation (9) has shown them to be cruciate. 
The calamitalian fructifications usually 
bear four sporangia on a sporangiophore, 
while the sphenophyllalian counterpart 
may have from one to two sporangia, al- 
though in two cases (Bowmanites majus 
and Cheirostrobus) four sporangia per 
sporangiophore have been described. 

To illustrate further the complexity 
of the problem, WALTON (16) has at- 
tributed all bract-sporangiophore as- 
sociations in the Sphenopsida to a divi- 
sion of ‘‘pinnate sporophylls” in which 
some pinnae became sterile (bracts) 
while others remained fertile (sporangio- 
phores). On the basis of this theory he 
made the following statement: 

When the vascular systems supplying the 
sporophylls of Sphenophyllum fertile and Cheiro- 
strobus are compared a striking similarity is ap- 
parent. They may both be interpreted as deriva- 
tives of pinnate sporophylls; in Cheirostrobus 


179 
three and in S. fertile two of the basal pinnae 
being sterile and assuming a dorsal position and 
the distal pinnae fertile and assuming a ventral 
position. 


On the other hand, BROWNE (3) and 
Scott (12) stressed the similarities of 
Cheirostrobus to Calamostachys on the 
basis of characters of the sporangiophore 
with its four sporangia. Regarding this, 
Scott has stated: “‘In its peltate spo- 
rangiophores, and in the insertion and de- 
tails of structure of its sporangia, Cheiro- 
strobus agrees exactly with the Cala- 
marieae.”’ 

Obviously much of this apparent dis- 
parity in opinion arises from the nature 
of Cheirostrobus itself; it seems, however, 
also to indicate that the relationships 
among the various sphenopsid fructi- 
fications may be generally closer than 
has been previously assumed. Thus, al- 
though REEp in her original account of 
our new genus suggested a calamitean 
affinity, we are inclined, on the basis of 
the following evidence, to consider it 
closer to the Sphenophyllales. 

First, the nature of the sporangia. 
Scott (12) wrote of the sporangia of 
Sphenophyllum (Bowmanites) dawsont: 

In the upper part of the pedicel, and especial- 
ly where it bends over towards the axis, the 
epidermal cells are much enlarged, and these 
large cells of the pedicel are continuous with 
those that form the wall of the sporangium it- 
self. Towards the free end of the sporangium the 
cells of the wall become much smaller. 


It can be seen by referring to our descrip- 
tion of the Peltastrobus sporangia that 
the characters are almost identical. 

Second, the nature of the sporangio- 
phore and sporangial epidermal cells. 
WALTON (16) stated regarding Bowman- 
ites romeri: 

The epidermal cells of the upper part of the 
pedicel had sinuous walls. ... ‘The epidermis 
of S. cuneifolium and S. majus is constructed of 
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the same type of cell, a fact which gives sup- 


porting evidence in favor of attributing Bow- 
maniles rémeri to the Sphenophylleae. 


As noted in the description and illus- 
trated in figure 2, Peltastrobus has pre- 
cisely this type of sinuous epidermal cell. 

Third, association of parts and the 
similarity of the secretory cells in Pelta- 
strobus with those in a Sphenophyllum 
leaf. Association of various plant organs 
in the coal ball is, of course, a rather un- 
reliable feature on which to base rela- 
tionships. REED’s original tentative as- 
signment of Peltastrobus to the Calami- 
tales was, however, in part made on the 
basis of close association with Calamites 
stems and leaves. In contrast, in our 
material, Calamites stems and leaves are 
completely lacking, while in almost every 
case the cone fragments are in close as- 
sociation with small Sphenophyllum 
stems and leaves. Accordingly, although 
the association itself may be of doubtful 
value, in this case it did serve to empha- 
size certain striking similarities between 
the secretory cells surrounding the vein 
in a Sphenophyllum \eaf and the same 
cells surrounding the vascular tissue in 
the Peltastrobus sporangiophore. The 
opaque “resin cells” are of identical size 
and shape in both organs. 

Fourth, the similarity of the concen- 
tric whorls of stalked sporangia in Pelta 
strobus and Bowmanites. HOSKINS and 
Cross (7) indicated that at least nine of 
their eighteen listed species had spo- 
rangia in two or more concentric whorls 
and also that one of the “outstanding 
characters” delimiting Sphenophyllum 
fructifications from the allied calamitean 
genera is “the pedicellate or stalked 
nature of the sporangia.” 

Thus we are confronted in Peltastrobus 
with a considerable number of Spheno- 
phyllum attributes in spite of the absence 
of the subtending sterile bracts which 
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typify the genus Bowmanites. This lack 
of intervening bracts or sporophylls 
is a condition which so far has only been 
found in the calamitean genus Proto- 
calamostachys (17) and possibly A stero- 
calamites. Both of these genera are of 
much greater age (Lower Carboniferous) 
than Peltastrobus and have been cited as 
evidence for the primitiveness of the 
bractless state. However, the fact that 
this primitive character was never com- 
pletely lost in the evolution of the 
sphenopsid cone is borne out by the stro- 
bilus of Equisetum which is held (1) to 
be quite possibly a “‘primitive organ de- 
rived from the fertile branch tip of the 
Psilophytales.”’ 

Regardless of what stand one takes 
on the nature of the fertile and sterile 
parts of the many fossil sphenopsid 
cones, there is certainly strong evidence 
that in some of the most primitive mid- 
Devonian genera attributable to the 
Sphenopsida (Hyenia and Calamophyton) 
the sporangia were borne on dichoto- 
mously forked determinate branches or 
telomes with no trace of sterile bracts or 
sphorophylls. In addition, the recent 
work of LAcEY (9) seems to show that 
the supposed peltate structures in Cal- 
amostachys are really cruciate and of a 
form which can be clearly compared to 
a double dichotomy of the Calamophyton 
sporangiophore. Accordingly the condi- 
tion in Peltastrobus may possibly repre- 
sent a holdover of primitive characters 
in the sphenophyllalian line in which a 
profuse ramification of a Hyenia-like 
fertile telome gave rise to a peltate disk 
with a series of marginal sporangia. 
While both REEp’s specimens and our 
present material are from the upper- 
middle Pennsylvanian, recent collec- 
tions from the Fleming and Mineral coal 
of Kansas have produced unmistakable 
Peltastrobus sporangiophores. This hori- 
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zon is lower-middle Pennsylvanian and 
indicates a considerable geological range 
for the genus. 

The close relationship and undoubted 
common ancestry of the Calamitales and 
Sphenophyllales have previously been 
pointed out by various authors (2, 8), as 
has also the primitiveness of the cone 
without associated sterile bracts. It 
therefore seems not unreasonable to 
postulate a close and common origin of 
fructification types from such simple 
forms as Hyenia and Calamophyton. To 
attribute structures arising from ‘‘pin- 
nate sporophylls” to a group which is 
characterized only by simple dichotomy 
and whorled arrangement of lateral 
organs seems to be straining unneces- 
sarily for a connection of the Sphenop- 
sida to the ferns—a relationship for 
which there seems little fossil evidence. 
If, on the other hand, we accept the evi- 
dence for origin from the above mid- 
Devonian genera (or similar forms), we 
could then hold either that the bracts 
are the result of the complete steriliza- 
tion of alternating sporangiophore whorls 
(fertile telomes) with eventual vertical 
reduction (Paleostachya), or that they 
result from the sterilization of the lower 
branches of a profusely dichotomized 
fertile ramulus (Bowmanites fertilis et 
al.). The sporangiophores also are bas- 
ically telomic, consisting of whorls of 
short determinate fertile branches in 
which the subsequent developmental 
lines have depended on whether the 
sporangia were borne one or more to a 
dichotomy (Calamophyton vs. Hyenia). 

The stelar anatomy of forms such as 
Cheirostrobus and Sphenostrobus thomp- 


sonit (10) certainly present real diffi- 
culties in assigning them to either the 
Calamitales or the Sphenophyllales. 
Some years ago, however, the late Pro- 
fessor SAHNI showed the author sketches 
of tetrarch and pentarch steles which he 
felt showed in the main many S phenophyl- 
lum characters. It therefore seems doubt- 
ful as to whether a fructification should 
be ruled out completely from the latter 
group on the basis of unconforming 
stelar structure. 

Although in cases where the cone axis 
is known the calamitalian fructifications 
appear to have stelar structure similar to 
that of the stem, the sphenophyllalian 
fructifications show much more vari- 
ability. 2 owmanites dawsonit, fairly defi- 
nitely of Sphenophyllum affinity, has a 
hexarch stele which, although reported 
for vegetative stems of Sphenophyllum, 
is certainly not common. 


Summary 


1. A new genus of sphenopsid fructi- 
fications is described from upper-middle 
Pennsylvanian coal balls. 

2. Nuclei in the spores are described 
and illustrated. 

3. The affinities of the new genus are 
discussed and the conclusion reached 
that the evidence points toward a closer 
relationship to the Sphenophyllales than 
to the Calamitales. 

4. The morphological implications of 
the sterile bracts and sporangiophores 
are discussed with respect to their 
phylogenetic development. 
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A COMPARISON OF SEASON OF CAMBIAL GROWTH IN DIFFERENT 
GEOGRAPHIC RACES OF PINUS PONDEROSA 


R. F. DAUBENMIRE 


Introduction 

Ecotypic specialization in different 
parts of the ranges of widely distributed 
species is a phenomenon that has com- 
manded the attention of botanists for 
several decades. Experience has usually 
shown that when plants are moved from 
their native habitat into a different envi- 
ronment they become subject to injuries 
from factors associated with the new en- 
vironment, although occasionally they 
may prove more successful. The slow 
genetic fitting of plant populations to the 
peculiarities of the area which they have 
occupied for a long time is especially im- 
portant in the artificial establishment of 
forests, for usually there are available for 
use in plantations seed lots representing 
the same species but from populations 
attuned to widely different environ- 
ments. The long life-cycle of the tree 
makes it possible to invest much time 


and money in reforestation before genetic 
weakness becomes apparent; moreover, 
the unsuccessful planting may be expen- 
sive to remove, and by cross pollination 
it may seriously contaminate near-by 
native trees. In recognition of this prob- 
lem the United States Forest Service es- 
tablished an experimental plantation of 
Pinus ponderosa Laws. in northern Ida- 
ho, with the purpose of determining the 
relative value of seeds from different 
parts of its area for use in reforestation 
in northern Idaho. 

Between 1911 and 1917 seeds or seed- 
lings from twenty-two localities were 
planted in contiguous plots at the Priest 
River Experimental Forest in Bonner 
County, Idaho. The habitat is an upper 
river terrace mantled with sandy loam. 
Climate and soil in this region permit P. 
ponderosa to grow well under open condi- 
tions, but the environment is too cool for 
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satisfactory natural germination or satis- 
factory growth after the forest ap- 
proaches maturity. This choice of loca- 
tion for the experiment has considerable 
bearing upon the practical application of 
the findings’ but is of little consequence 
from the purely scientific standpoint ; for, 
although the climate here may generally 
be unsuited for the commercial planting 
of this species, it is at least conducive to 
the growth of the trees in young planta- 
tions and therefore may be considered 
adequate for a comparative test of racial 
differences under uniform environment. 

Twenty-two to 26 years after the seeds 
germinated the results were described by 
WEIDMAN (6). His report described the 
origin of the populations, climates of 
those regions, arrangement of the planta- 
tion, native vegetation and soils, and the 
following attributes of the populations: 
number of needles in the fascicle, length 
and persistence of needles, anatomy of 
needles, general appearance of foliage, 
and heights and diameters at ages of 22 
or 23 years. In summarizing all the ob- 
servations, WEIDMAN tentatively grouped 
the populations into four geographic 
races. 

Some of the populations planted at the 
Priest River Experimental Forest have 
suffered very high mortality, and one 
(Shasta) was completely exterminated 
by a sudden drop of temperature from 7° 
to — 25° C. within 20 hours in December, 
1924. Appraisal of injury that may be at- 
tributed specifically to this sudden drop 
in temperature showed that the Siskiyou, 
Santa Fe, and Coconino races also suf- 
fered heavily, although devastation was 
not complete as with the Shasta race (4). 

t Another study of ten populations of P. ponder- 
osa from different regions, in which each population 
was distributed among six widely different habitats, 
showed that relative rates of height growth cannot 
be predicted for one habitat on the basis of compari- 
sons made on another (5). 


The hypothesis has been advanced that 
trees suffer from autumnal frost as a re- 
sult of continuing some phase of growth 
activity too late in the season (3,7), and 
WEIDMAN suggested this as a possible ex- 
planation for heavy mortality in some 
races: ‘‘Presumably the long period of 
growth activity characteristic of... 
Siskiyou progeny, has been one of the 
causes of the frost damage suffered by 
the latter in northern Idaho” (6:879). 
One of the objects of the present study 
was to determine if the races experienc- 
ing high mortality terminate radial 
growth of their stems relatively late in 
the season. 

Studies by the writer of a number of 
species of trees growing some 177 km. 
(110 miles) south of the Priest River Ex- 
perimental Forest indicated that day- 
length exerts a marked control over 
the date of commencement of cambial 
growth in some species, although this was 
not true of the specimens of P. ponderosa 
of unknown and possibly different geo- 
graphic origin which were included in 
that study (2). It was evident that the 
collection of races of known origins at the 
Priest River Experimental Forest repre- 
senting nearly 14° of latitude could pro- 
vide conclusive information on this prob- 
lem, and, consequently, this question 
represents a second object of the present 
study. 

Since WEIDMAN’s report did not in- 
clude records of the season of cambial ac- 
tivity, permission was requested to study 
the trees from this standpoint. The writ- 
er is grateful to the United States Forest 
Service for making the experimental 
plots available and for assistance in read- 
ing dendrometers which the writer in- 
stalled. Further support was given the 
project by funds provided for biological 
and medical research by the State of 
Washington Initiative Measure N. 171, 
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Figure 1 shows the total geographic 
area of P. ponderosa (incl. var. scopulo- 
rum Engelm. which the southernmost 
stations, at least, represent) and the 
points of origin of the populations select- 
ed for the present study. The populations 
are referred to by name of the National 
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Methods 
Dial-gauge dendrometers of a type (1) 
which the writer has compared with simi- 
lar instruments and found eminently 
more successful were used in this investi- 
gation. Instruments were installed in the 
autumn of 1947 and records maintained 





































Forests in which they were collected. throughout 1948. During the period 
(% 
n “*) 
\ anes 
’ tee 
7 eCOLVILLE 
A P as. 
eae \ 
SeirreRROOT Sie = 
UMATILLA ecUSTER 
\ 
eBOISE eHARNEY 
eSISKIYOU _ TN 
\ 
? 
“at 
= nS 
eASHLEY ROOSEVELT 
\ 
\ 
Pd 
eSAN ISABEL 
eCOCONINO 
ro 
( % 
{ \ 
\ 
\ \ 
\ \ 
| 
] i] 
a \ 
) 
c ~ 
\ 7 
/ 
ms Q 
.4 
\ x 
be S os 
a ( \ * 











Fic. 1. 
including var. scopulorum. 


Origins of populations considered in this study, as related to total range of Pinus ponderosa 
g po} . , 

















1950] DAUBENMIRE—GEOGRAPHIC RACES OF PINUS 185 


when growth was expected to begin, 
readings were made at intervals of usual- 
ly less than 1 week, but at other seasons 
longer periods elapsed between observa- 
tions, depending upon the state of cam- 
bial activity. 

lor most trees of temperate latitudes, 
day-to-day diameter increase is a regular 
phenomenon only during the main period 
of growth. During the dormant season 
trunks commonly exhibit periods of 
shrinkage which are associated with se- 
ries of dry days in the latter half of the 
summer, or subfreezing weather in win- 
ter. They may also swell intermittently. 
It is consequently very difficult to estab- 
lish a precise date for the beginning and 
end of growth, but the date for comple- 
tion of 5% and 95% of the season’s incre- 
ment may be approximated by interpola- 
tion, with very little probability of error 
owing to the smoothness of the curve 
once the cambium becomes active. Radit 
as measured on December 30, 1947, and 
on November 12, 1948, seemed least af- 
fected by frost shrinkage, and the differ- 
ences between these readings were used 
in calculating growth on a percentage 
basis. 

Results and discussion 

A striking feature of the results was 
the variation exhibited by different trees 
from the same point of origin. In other 
studies by the writer three vigorous trees 
selected to represent a population have 
always showed reasonably close similari- 
ty in behavior, but at the Experimental 
Forest there was so much divergence 
among individuals which averages would 
obscure that, in presenting the results, 
the data for each tree are kept separate. 
It is obvious that statistical significance 
cannot be claimed for any of the results, 
but since they, for the most part, reveal 
little differences among the populations, 


) 


the main question which prompted the 
study can be answered with reasonable 
assurance of accuracy. The conclusions 
which may be drawn from the data rep- 
resented by figure 2 are as follows. 

Nearly all populations began growth 
after mid-May and completed growth in 
late August. Median dates for the 5%, 
50%, and 95% levels were May 23, June 
21, and August 22. The Coconino popu- 
lation was an exception in that its cam- 
bial growth began about 2 weeks later? 
than the average for all groups. The mid- 
point in its growth was proportionately 
late as well. The Harney population, rep- 
resented by only two trees, also began 
growth distinctly later than average for 
all groups. Here, however, the rate of 
growth was exceptionally rapid once the 
cambium became active, so that its mid- 
point was not delayed and, in fact, was 
reached earlier than in certain of the 
other groups. 

The Helena, Bitterroot 2200 m. (7200 
ft.), and possibly Ashley populations all 
terminated their growth a little in ad- 
vance of the others, although they had 
not begun to grow earlier in spring than 
most of the others. Except for one tree, 
the growing season of the Coconino pop- 
ulation was shorter than average as a re- 
sult of postponement of inception in 
spring, whereas the Helena, Ashley, and 
Bitterroot 2200 m. races exhibited slight- 
ly shortened growing seasons owing to 
earlier cessation of growth in late sum- 
mer. 

The Bitterroot populations represent- 
ing different altitudes (1200 [4000 ft.] and 
2200 m.) differed only in that the race 
from the higher altitude ceased growing 
earlier. In view of this evidence of racial 
differentiation in P. ponderosa according 


?Lateness also characterizes the beginning of 
apical growth in this population (6). 
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to altitude, all results from the compara- 
tive plantation may be strongly condi- 
tioned by the elevation from which the 
populations originated. However, the 
physical data of altitude that are avail- 
able (6) cannot be interpreted closely be- 
cause the character of biologic environ- 
ment in mountains depends upon the di- 
rection of slope exposure as much as upon 
elevation above the seas. The environ- 
ment of the plantation at the Priest Riv- 
er Experimental Forest is close to the up- 
per zonal (not altitudinal) limits of P. 
ponderosa in the Southern Selkirks, 
whereas the original habitats of the pop- 
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ulations may have been from the upper, 
middle, or lower parts of the total eleva- 
tional ranges in the other mountain sys- 
tems. Therefore, the change in zonal 
status in some cases may have reduced 
and in others augmented the tempera- 
ture difference involved in latitudinal 
displacement. 

WEIDMAN (6) suspected that the 
heavy mortality suffered by the Siskiyou 
population subsequent to planting might 
have resulted from too late an extension 
of the growing season in the autumn, for 
this population originated from a very 
mild climate. The present study, how- 
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ever, does not substantiate this hypothe- 
sis. Among the Siskiyou, Bitterroot high 
altitude, Santa Fe, and Coconino popu- 
lations, all of which have suffered high 
mortality, it might be suspected that cli- 
matic selection has eliminated biotypes 
that continued growth relatively late. 
But the fact that three of the forty-one 
trees studied continued cambial growth a 
full month later than all others without 
exhibiting ill effects therefrom indicates 
that the others do not exploit the poten- 
tial growing season to the extent of its 
possibilities. If selection had operated 
upon this character, one would expect 
the survivors of the decimated popula- 
tions to include a high percentage of indi- 
viduals that continue growth rather late. 
But this is definitely not true. If the de- 
ceased trees were ones that continued 
growth late, they must have differed to a 
very great extent from the survivors. The 
conclusion warranted 
that the termination of cambial activity 
is strongly determined by autogenous 


therefore seems 


forces and occurs well in advance of the 
onset of critically low temperatures. Chi 
matic selection must have operated on 
physiologic characters other than late 
ness of cambial activity. 

Although there is considerable differ 
ence among individuals within one popu 
lation, there is a striking similarity in 
periods of radial growth among popula 
tions originating in widely different ch 
matic types and latitudes. This contrasts 
sharply with the relatively uniform ap 
pearance of trees within each population 
but 
among the populations (6). 

Deviations of particular populations 


distinct difference in appearance 
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from the growth pattern of the species 
as a whole exhibit no geographic trends. 
Daylength either does not determine the 
beginning of cambial activity or on this 
habitat other conditions masked the in- 
fluence of daylength. Since the results of 
earlier studies (2) of a population of un- 
known origin growing in a grassland cli- 
mate also furnish negative evidence of 
photoperiodic control over inception of 
cambial activity, the former of the two 
possibilities mentioned above appears to 
be correct. 


Summary 


1. Radial growth was studied in forty- 
one trees including Pinus ponderosa 
Laws. and its var. scopulorum Engelm., 
during the calendar year 1948. These 
trees represented populations obtained 
from known sources over a wide area in 
the western United States and had been 
growing on the same habitat at Priest 
River Experimental Forest in northern 
Idaho since 1911-1917. 

2. Median dates for completion of 5%, 
50%, and 95% of total radial growth 
were May 23, June 21, and August 22. 
\lthough there was considerable varia 
tion in growing seasons within popula 
there but little difference 
among the populations. Susceptibility to 


frost damage does not appear to be cor 


tions, was 


related with radial growth that continues 
late in the season. In these fourteen pop 
ulations representing nearly 14° of lati 
tude, daylength appears to exert no influ- 
ence upon the growing season. Duration 
of cambial activity is not related to 
grouping of the populations into races on 
the basis of morphology and anatomy. 
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EFFECT OF 2,4-D ON CARBOHYDRATE AND NUTRIENT-ELEMENT 
CONTENT AND ON RAPIDITY OF KILL OF SOYBEAN PLANTS 
GROWING AT DIFFERENT NITROGEN LEVELS! 


DALE E. WOLF,? GERTRUDE VERMILLION,’ ARTHUR WALLACE,‘ 
AND GILBERT H. AHLGREN® 


Introduction 


The physiological response of plants to 
the selective herbicide 2,4-dichlorophe- 
noxyacetic acid (2,4-D) is for the most 
part an unexplained phenomenon. Some 
species are readily ‘affected, whereas 
others are more or less resistant. Most of 
the grasses are particularly resistant to 
injury from the usual applications of 
2,4-D. Occasional informal reports have 
indicated that rapidly growing plants are 
more easily destroyed by 2,4-D than are 
those growing slowly. Some investigators 
(4, 5, 8) have suggested that the herbi- 
cidal properties of 2,4-D are related to 
the carbohydrate storage and nitrogen 
metabolism of plants. 

In an experiment to determine the rel- 
ative effectiveness of 2,4-D on soybean 
plants growing at different nitrogen 
levels, a pilot experiment was conducted 
by the senior author in 1947. Duplicate 
pots of Chief soybeans were grown in the 
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the State University of New Jersey, departments of 
Farm Crops and Plant Physiology. 


2 Agent, Bureau of Plant Industry, Division of 
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Agriculture; 3 Assistant Professor of Chemistry; 
4Graduate Fellow in Soils; 5 Professor of Farm 
Crops. 


greenhouse in sand culture at three nitro- 
gen levels—high (336 p.p.m.), medium 
(56 p.p.m.), and low (14 p.p.m.)—and 
then a drip aqueous solution of 20 p.p.m. 
2,4-D (the sodium salt of 2,4-D was used) 
was added to the cultures. Plants grow- 
ing on high nitrogen were affected much 
more rapidly than were those growing at 
low and medium levels. Plants growing 
on low nitrogen were least affected, and 
the plants on medium nitrogen were be- 
tween the low- and high-nitrogen plants 
in response to 2,4-D. 

The results of this test were of suffi- 
cient interest to warrant further study of 
the effect of applications of 2,4-D on 
plants growing at different nitrogen 
levels. Therefore, an attempt has been 
made to relate growth status with the 
speed and intensity of plant response to 
2,4-D applications and to determine cer- 
tain associated physiological changes. 


Material and methods 


Three plants of the Lincoln variety of 
soybeans were grown in sand culture in 
the greenhouse in each of twelve glazed 
2-gallon pots from February 27 to April 
23, 1948. Until the plants reached the 
six-leaf stage, a uniform nitrogen level 
was maintained by flushing the sand 
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daily with a complete nutrient solution 
containing 56 p.p.m. of nitrogen. Differ- 
ent nitrogen levels were then introduced 
(table 1), referred to as low (14 p.p.m.), 
medium (56 p.p.m.), and high (336 
p-p-m.). Sulfate and chloride were neces- 
sarily varied in order to provide the wide 
variations in nitrogen and still maintain 
nearly constant osmotic pressure in the 
nutrient solutions. The constant-renewal 
method as described by SHIVE and Ros- 
BINS (7) was used, 2 quarts of solution be- 
ing applied per pot each 24-hour period. 

Three weeks after the different nitro- 
gen levels were first established, the 
plants receiving low-nitrogen solution 
showed some chlorosis owing to nitrogen 
starvation. At this time the application 
of 2,4-D was begun. The sodium salt of 
2,4-D was dissolved in distilled water in 
a quantity to produce a solution contain- 
ing 20 p.p.m. of acid equivalent of 2,4-D. 
This solution was applied at the same 
rate and by the same method as the con- 
comitantly supplied nutrient solutions. 
The same amount of distilled water was 
supplied to cultures which did not re- 
ceive 2,4-D. 

To decrease the possibility of 2,4-D 
coming in contact with the aerial parts of 
the soybeans, the surface of the sand was 
covered with nonabsorbent cotton, and 
the outlet from the syphon tubes supply- 
ing the 2,4-D was kept under this cotton. 
All the solution passing through the sand 
was collected by means of tubing leading 
from the opening at the base of the pot to 
a large stoppered bottle. Tomatoes, 
which are highly sensitive to 2,4-D, were 
grown on an adjacent bench without vis- 
ible symptoms of 2,4-D injury. 

Flower buds were removed as soon as 
they were formed on untreated plants. 
No flower buds were formed on the 
plants treated with 2,4-D. No nodules 
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were present on any plants grown in this 
experiment. 

Daily observations were made to de- 
termine the effect of the 2,4-D on the 
plants. Epinasty, chlorosis, splitting of 
stems, and drying of leaves were used as 
criteria of response. 

The application of 2,4-D was con- 
tinued for 14 days, at the end of which 
time the foliage of the plants grown on 
the high-nitrogen level was dry and ap- 
parently dead. The plants were then 
harvested, and the stems and leaves (in- 


TABLE 1 


CONCENTRATION (P.P.M.) OF ELEMENTS IN 
NUTRIENT SOLUTIONS USED IN GROWING 
SOYBEANS* 


] 


| 


! 

Nutrient Low N | Medium N High N 
Nitrate—N. 14 | 56 336 
Sulfate—S. 224 | 160 64 
Cl 228 | 245 ° 


* Concentrations of all other elements were constant and 
supplied at the rate of 168 p.p.m. Mg, 195 p.p.m. K, 200p.p.m 
Ca, 31 p.p.m. P, § p.p.m. Fe, | p.p.m. Mn, } p.p.m. Zn, and 
} p.p.m. B. 


cluding petioles) were separated and cut 
into 1-cm. lengths. This tissue was dried 
in a forced-draft oven at 70° C. for 48 
hours. After drying the samples were 
ground in a Wiley mill to pass an 8o0- 
mesh screen, and replicates of each treat- 
ment were combined. The composite 
samples were analyzed for starch, total 
sugars, reducing sugars, hemicellulose, 
potassium, calcium, magnesium, phos- 
phorus, sulfur, total nitrogen, and chlo- 
rine to determine the differences in con- 
centration of these constituents which re- 
sulted from the treatments. 
CARBOHYDRATE DETERMINATIONS.— 

The soluble carbohydrates were extract- 
ed by reflux with 80% alcohol, centrifug- 
ing, and decanting off the supernatant 
liquid according to the methods of Sm1TH 
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et al. (8). The alcoholic extract was ana- 
lyzed for sugars and the residue for 
starch and hemicellulose. 

Reducing sugars were then determined 
by the WILDMAN and HANSEN semimicro 
method (11), modified to suit the needs 
of the present study by reducing the vol- 
ume of aliquot from 20 ml. to 5 ml. and 
the normality of the potassium dichro- 
mate from 0.1 to 0.05. The results follow- 
ing this modification were in good agree- 
ment with those obtained with the origi- 
nal method. 

Total sugars were obtained by enzy- 
matic inversion at 38° C. for 3 hours with 
Wallerstein’s red-label invertase (1:134). 
Reducing sugars were then determined as 
invert sugar. 

Enzymatic hydrolysis of the alcohol- 
insoluble residue with fresh saliva ac- 
cording to the method of SmirH et al. (8) 
was used in the determination of starch. 
The reducing sugars were then deter- 
mined, and 90% of the value was report- 
ed as starch. 

The residue from the starch hydrolysis 
was treated with 2.5% hydrochloric acid 
for 2 hours at 95° C., and the reducing 
sugars were determined and reported as 
hemicellulose. 

CATION AND ANION DETERMINATIONS. 

Analyses for potassium, calcium, mag- 
nesium, phosphorus, and sulfur were 
made according to the procedures out- 
lined by Toru et al. (9). Total nitrogen 
was determined by the Kjeldahl proce- 
dure modified to include nitrate (1:27). 
Chlorine was determined by titration 
with silver nitrate with a chromate indi- 
cator after dry-ashing in the presence of 
calcium carbonate (1:128). A positive 
test for nitrates by the diphenylamine 
test was found only in the stems of the 
high-nitrogen control plants. 

The cations and anions were calculat- 
ed as milliequivalents per 109 gm. of dry 
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tissue as described by WALLACE and 
BEAR (10); ie., K+, Cat+, H,PO,-, 
SO,—, NO;-, and Cl-, according to the 
valences of the ions encountered in the 
nutrient solution. Total cations, anions, 
and cation-anion ratios were calculated 
for leaves and stems combined. The cat- 
ion-anion ratio in this paper is used to 
mean the ratio in the plant of the concen- 
tration of the nutrient cation elements to 
the concentrations of the nutrient anion 
elements, each element being expressed 
in terms of the ion in which it is present 
in the nutrient solution. 


Results 


GROSS RESPONSE 


When treatment with 2,4-D was be- 
gun, the leaves of plants receiving low- 
nitrogen solution were mildly chlorotic 
and had developed a brown spotting of 
the lower leaves. This spotting spread, 
and some of the lower leaves dried and 
were abscised. This condition was aggra- 
vated by treatment with 2,4-D; many of 
the lower leaves of the low-nitrogen, 
treated plants fell off before the plants 
were harvested. These leaves were not 
included in the chemical analysis. Plants 
receiving medium-nitrogen solution 
showed normal growth, whereas the 
high-nitrogen plants were darker green at 
the time the 2,4-D was applied. 

Seven days after the 2,4-D treatment 
was begun, epinasty of the petioles ap- 
peared in the treated plants receiving 
medium-nitrogen solution. Two days 
later severe epinasty of the petioles of the 
treated plants receiving high-nitrogen 
solution and slight epinasty of those on 
low-nitrogen were apparent. After this 
first reaction the high-nitrogen plants 
were rapidly affected, and on the twelfth 
day some chlorosis of their stems and 
leaves and splitting of the lower portions 
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of their stems occurred. The high-nitro- 
gen plants were nearly dead 14 days after 
2,4-D treatment began. At this same 
time the plants on medium-nitrogen 
showed some chlorosis of leaves and 
stems but no splitting of the stems. 
Plants growing in low-nitrogen solution 
were only mildly chlorotic on the four- 
teenth day. The rapidity and extent of in- 
jury are shown graphically in figure 1. 
Extent of injury was given arbitrary rat- 
ings from 1 to 10, 1 indicating the first 
appearance of reaction to 2,4-D, and 10 
indicating complete dryness of the foli- 
age. 

Appearance of the plants on the four- 
teenth day after 2,4-D application was 
begun is shown in figure 2. Replicates of 
a given treatment showed similar degrees 
of injury. The roots (fig. 3) showed the 
same relative injury as did the aerial 
parts. Roots of treated plants receiving 
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high-nitrogen solution were badly de- 
composed on the fourteenth day, those 
plants 


of treated, medium-nitrogen 


INJURY 


EXTENT OF 








? 8 9 10 " 12 3 ry 
DAYS AFTER 2,4-D APPLICATION BEGAN 





Fic.1.—Rapidity and extent of injury to soybean 
foliage when 2,4-D was added to sand culture. 








FIGS. 2, 3. 
their treatment with 2,4-D was begun. Fig. 3 (below), roots of control and 2,4-D-treated plants; left to right, 
respectively, low-nitrogen control and treated; medium-nitrogen control and treated; and high-nitrogen 
control and treated. 


Soybean. Fig. 2 (above), left to right, high-, medium-, and low-nitrogen plants 14 days after 
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showed some decomposition, and roots of 
the low-nitrogen plants were nearly nor- 
mal. 

The proportion of leaves to leaves and 
stems on a dry-weight basis (leaf per- 
centage, table 3) was reduced considera- 
bly by the 2,4-D treatment. 


CARBOHYDRATE CONTENT 


Results of the carbohydrate analyses 
are given in table 2. 

HEMICELLULOSE.—The percentage of 
hemicellulose was higher in the leaves 
and stems of the 2,4-D-treated plants 
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than in the control plants at each of the 
nitrogen levels. This higher percentage of 
hemicellulose represented the most con- 
sistent difference between treated and 
untreated plants. The greatest difference 
appeared in the leaves of the medium-ni- 
trogen plants, where the hemicellulose 
content was 2.34% in the control and 
3.36% in the 2,4-D-treated plants. 
Whether these higher percentages in the 
treated plants represented an actual in- 
crease in hemicellulose or were a reflec- 
tion of their lower total dry weight is not 
known. 


TABLE 2 


NITROGEN AND CARBOHYDRATES IN 9-WEEK-OLD SOYBEAN PLANTS EXPRESSED 


AS PERCENTAGE 


OF DRY WEIGHT 





| | 
| 
TREATMENT ToTAL 
Suet ee P Hemt- " TOTAL REDUCING | AVAILABLE 
N . STARCH 
CELLULOSE SUGARS SUGARS CARBO- 
N level 2,4-D HYDRATES* 
é ee eee ee! Cae = = Base 
| Leaves plus stems 
: 3 Ee eee es 
Low Control 2.39 1.84 2.31 0.69 | 0.53 3.26 
Low 2,4-D 1.34 1.98 0.58 0.76 | 0.76 1.40 
Medium Control 2.49 2.43 3.63 1.62 0.90 5.65 
Medium 2,4-D 1.89 3.08 2.85 1.41 1.35 4.58 
High Control 3.47 1.66 1.44 1.31 | 0.95 2.91 
High 2,4-D 2.84 2.71 | 0.83 roo | 4.07 2.90 
| 
Leaves 
Low Control 3-55 | 1:96} 2.30 0.58 | 0.58 2.87 
Low 2,4-D 2:90 | 2:10. |, 6.52 | 0.72 | 0.72 1.30 
Medium Control 3.22 | 2.34 4.61 | 1.74 | 0.70 6.86 
Medium 2,4-D 1.92 3.36 3.14 0.80 0.80 4.29 
High Control 4.68 | Isat | 2.70 1.40 0.76 3.20 
High 2,4-D 2.52 | 1.89 | 0.81 2.30 | 1.46 4.20 
| | | z 
Stems 
, | | | | 

Low Control 1.27 | 1.92 | 2.32 0.80 | 0.48 | 3.38 
Low 2,4-D ©.90 1.95 0.60 | 0.78 | 0.78 | 1.44 
Medium Control r.53 2.56 2233 1.46 | 1.16 4.05 
Medium 2,4-D 1.88 | 2.93 2.69 1.74 | 1.66 4-73 
High Control 2.11 1.95 1.22 1.20 | 1.16 2.56 
High 2,4-D 3.12 3-39 | 0.84 0.90 | 0.74 1.83 

| 




















* Total available carbohydrates refers here to starch as glucose plus total sugars. 
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STARCH.—The percentage of starch 
was lower in 2,4-D-treated than in un- 
treated plants. This lower value does not 
seem to be correlated with the severity of 
2,4-D injury, since the greatest percent- 
age difference was in the plants grown in 
low-nitrogen solution. This decrease in 
percentage of starch following applica- 
tion of 2,4-D agrees with results reported 
by other workers. The starch content in 
the high-nitrogen plants at the time of 
death was 0.83%. It would seem unlikely 
that the death of these plants could be 
explained on the basis of a decrease in 
starch alone. Applications of 2,4-D have 
been reported to cause an increase in the 
rate of respiration (2, 3, 4, 5). An in- 
creased rate of respiration could explain 
the rapid decrease in starch in the treat- 
ed plants. 

TotTaL suGARS.—The percentage of 
total sugars was somewhat higher in the 
leaves of the plants treated with 2,4-D 
than in the leaves of the respective con- 
trols of the low- and _high-nitrogen 
groups. Total sugars were lower in the 
leaves of the 2,4-D-treated plants in the 
medium-nitrogen group than in the con- 
trols. These differences were not consist- 
ent and, therefore, cannot be explained 
on the basis of severity of injury from 
2,4-D. 

REDUCING SUGARS.—The percentage 
of reducing sugars in the stems and leaves 
was higher in the 2,4-D-treated plants 
than in the controls in all cases with the 
exception of the high-nitrogen stems. All 
the sugars in the leaves and stems of low- 
nitrogen, treated plants were reducing 
sugars. On a whole-plant (aerial part) 
basis the percentage of reducing sugars 
was consistently higher in the 2,4-D- 
treated than in the control plants. Here, 
again, the differences were not correlated 
with the severity of 2,4-D injury ob- 
served. 


TOTAL NITROGEN CONTENT 

The total nitrogen percentage of the 
leaves of the 2,4-D-treated plants was 
considerably lower than that in the 
leaves of the controls. In the stems the 
percentage nitrogen content was slightly 
lower in the 2,4-D-treated, low-nitrogen 
plants than in the low-nitrogen, control 
plants but higher in the 2,4-D-treated, 
medium- and high-nitrogen plants than 
in their respective controls. The greatest 
percentage difference was in the high- 
nitrogen plants. This suggests the possi- 
bility of (a) translocation of nitrogen 
from leaves to stems in the 2,4-D-—treated 
plants, (5) failure of nitrogen to move to 
the leaves, or (c) a combination of these. 
In any case, these results indicate the im- 
portance of studying the effect of 2,4-D 
on nitrogen distribution in plants. 


CATIONS AND ANIONS 


The nutrient-element composition of 
the plants is given in table 3. These data 
are of value in learning the influences of 
variation of anions in the nutrient sub- 
strate as well as the influences of 2,4-D on 
plant composition. 

The data show that the cation-anion 
ratios were essentially constant for leaves 
plus stems, as well as for leaves and stems 
separately, of control plants at all nitro- 
gen levels. This is interesting in view of 
the different nutrient solutions, the many 
variations encountered in the chemical 
composition of the plants, and the varia- 
tions in leaf percentage. The ratios for 
2,4-D-treated plants were higher than 
those for control plants. Ratios in the 
leaves of treated plants were directly, 
and those in the stems inversely, related 
to nitrogen levels supplied in contrast to 
the constant ratios for each part of the 
untreated plants. This indicates a defi- 
nite interaction between nitrogen level 
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and 2,4-D in their effect on mineral utili- 
zation and should be studied further. 
Differential distribution of elements 
among various organs is an important 
reason for variation in the mineral com- 
position of plants. In this respect the 
potassium contents of the leaves of 
2,4-D-treated plants were less than those 
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of control plants, the means being 34 and 
62 m.e. per 100 gm. dry tissue. A similar 
decrease in potassium and no change in 
phosphorus or magnesium in rape treat- 
ed with 2-methyl-4-chlorophenoxyacetic 
acid has been reported by RHODES and 
TEMPLEMAN (6). When leaves were com- 
bined with stems, however, these differ- 


TABLE 3 


NUTRIENT-ELEMENT CONTENT 





OF SOYBEAN PLANTS GROWN 
LEVELS OF NITROGEN AND dhsad D IN MLE, 


IN SAND CULTURE UNDER VARYING 
PER 100 GM. DRY MATTER* 























TREATMENT LearFt | | 
PER- Ca Mo} CATION Pp c Cl Anton | Cationt 
CENT- SUM SUM ANION 
N level 2,4-D | AGE | 
| 
| Leaves plus stems 
| | | | | 
Low Control | 48.3 | 82 63 75 220 m 171 | 66 25 | 31 293 ee i 
Low r 2,4-D | 23.8 | 82 | 7 65 | 217 96 | 44 33 43 215 | 1.01 
Medium | Control | 56.9 | 66 64 | 66 196 |x 178 41 14 23 256 | eo 
Medium 2,4-D | 35.2 | 58 57 | 75 | 190 | 135 32 24 | 28 219 .87 
High | Control | $2.4.) 93 69 | 82 224 | 248 30 Ir | 4 293 | .76 
High | 2,4-D 45.2 | 66 74 | 99 | 230 203 30 17 | 10 260 .Q2 
Mean | Control S20] 93. [Gs 1 ga | “axa 199 | 46 17 19 281 | as 
Mean 2,4-D | 34.7 69 | 67 | 80 216 145 35 | 25 26 231 -93 
| 
| Leaves 
| | | | 
Low Control |... 73 70 79 222 | 254 73 | 28 | 25 | 380: | 58 
Low 2,4-D 29 103 68 | 208 | 207 54 33 41 335 |} .62 
Medium | Control | | 53 77 | 65 195 | 230 | 55 | 17 23 | 325 60 
Medum 2,4-D | | 27 | go 69 is6 |.237- | 32 | 25 | 36 | 230 | 81 
High Control | .| 60 86 | ot | 237 | 334 30 | 14 | I 379 | .63 
High 2,4-D | 38 11g | I1r | 268 | 180 | 28 | i | «1 937 | 1.13 
Mean Control |..... | 62 | 78 78 | 218 | 273 | 53 20 16 362 | .60 
Mean 2,4-D Bonne | 34 | 104 83 | 221 i 175 | 38 | 25 | 20 | 267 | .83 
| | 
Stems 
| | | | | | | | | 
Low | Control |. ah PS: 1 Ba F (Be 216 | 91 | 60 | 23 |} 36 210 | 1.03 
Low | 2,4-D | | 95 | O61 65 221 64 | 41 | 33 44 182 1.21 
Medium | Control |... | 83 | 48 | 68 | 199 | 109 | 22 | at | 18 160 1.24 
Medium | 2,4-D 76 | 39 | 78 193 134 32: || 43 23 212 gl 
High Control 87 | 51 71 209 151 | 30 Ss | F 196 1.07 
High 2,4-D ; 90 | 36 | 86 | 212 223 | 32 16 | 9g 280 .76 
Mean Control |......| 87 | $1 | 70 | 208 ua7 | 27 | Se. | 26 188 I.11 
Mean | 2,4-D | 87 45 he 76 | 208 140 | 35 | 24 a 25 224 93 
| | } 





* Valences used for m.e. calculation correspond 


to the ion present in the solution, i.e., K+, Ca++, Mg++, NO;-, HaPO,- 








,and Cl-. 


To convert to percentage dry weight multiply K by 0.039, Ca by 0.02, Mg by 0.012, N by 0.014, P by 0.031, S by 0.016, and C | 
by 0.0355. 


+ Leaf percentage refers to the proportion of leaves to leaves plus stems on a dry-weight basis. 


t The cation- anion ratio refers to the ratio in the plant of the concentration of the nutrient cation elements to the concentration 
of the nutrient anion elements, each element being expressed in terms of the ion in which it is present in the nutrient solution. 
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ences largely disappeared. Calcium was 
greater in leaves of 2,4-D-treated plants 
than in controls, but there was little dif- 
ference on the leaf-plus-stem basis. It is 
possible that the differences in cation- 
anion ratios of treated and untreated 
plants would likewise disappear if the 
roots were analyzed and the results com- 
bined with leaves and stems to represent 
the whole plant. Differences in the cat- 
ion-anion ratio were due mainly to the 
nitrogen and phosphorus anions. 

WALLACE and BEAR (10) have dis- 
cussed cation-anion ratios in the alfalfa 
plant and have shown that these ratios 
were constant under certain conditions 
for whole plants but not necessarily con- 
stant for individual plant parts. These 
workers indicated that the equivalent 
cation-anion ratio could be a highly use- 
ful tool in studying certain aspects of 
plant nutrition. Its use in this study is an 
aid in noting the influences of 2,4-D on 
the chemical composition of soybean 
plants. Since roots were not analyzed, it 
is not possible to determine whether 
2,4-D merely affected the distribution of 
the nutrient elements throughout the 
plant or influenced their relative absorp- 
tion by the plant. 

When analyses for leaves and stems 
were combined, the percentage nitrogen 
content of plants was directly related to 
concentrations of nitrogen in the nutri- 
ent solution for both treated and un- 
treated series, although the percentage 
nitrogen of treated plants was much low- 
er than that of control plants. In general, 
the nitrogen levels of the nutrient solu- 
tion for both treated and control series 
were inversely related to phosphorus, 
sulfur, and chlorine contents of the 
plants. This relationship is modified 
somewhat by the concentration of sulfur 
and chlorine in the nutrient solution but 
is associated with the tendency of certain 
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plants to maintain constant cation-anion 
ratios or, under certain conditions, cat- 
ion- and anion-equivalent constancy. 
The chlorine and sulfur contents of treat- 
ed plants were higher than those of con- 
trol plants. Phosphorus paralleled nitro- 
gen, being lower in treated leaves and in 
low-nitrogen stems but higher in treated, 
medium- and high-nitrogen stems than 
in their respective controls. 


Discussion 


A definite interaction between nitro- 
gen level and 2,4-D in their effect on 
growth of soybean plants was shown by 
this experiment. Plants growing on high 
nitrogen were killed very readily by ap- 
plication of 2,4-D to the substrate, 
whereas the medium- and low-nitrogen 
plants were injured to a much lesser ex- 
tent. This raises the question as to 
whether high-nitrogen plants are more 
sensitive to 2,4-D than are plants grow- 
ing at lower nitrogen levels or whether 
more 2,4-D enters the high-nitrogen 
plants. It is conceivable that, because of 
the higher metabolic rate and probable 
higher transpiration rate in the high-ni- 
trogen plants, more 2,4-D might enter 
them and thus cause quicker kill. High- 
nitrogen plants might also be quicker to 
respond because of the rapid production 
of new root and shoot tissues, which are 
readily killed by 2,4-D. Production of 
these new tissues was very slow in the 
low-nitrogen plants. 

Despite the fact that the nutrient solu- 
tions supplied all plants were sufficient, 
with the exception of nitrogen, for nor- 
mal plant nutrition, the phosphorus and 
sulfur contents of the high-nitrogen 
plants were much lower than those of the 
medium- and low-nitrogen plants. It is 
well known that in plants a very impor- 
tant role is played by phosphorus in ener- 
gy metabolism and by sulfur in protein 
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metabolism. This suggests the possibility 
that because of the smaller percentage of 
either phosphorus or sulfur or both in the 
high-nitrogen plants, the ability of these 
plants to tolerate or deactivate 2,4-D was 
less than that of plants growing on lower 
nitrogen levels. 

If this same interaction of nitrogen 
level with 2,4-D holds true when applica- 
tion of 2,4-D is made to foliage, degree 
and time of fertilization might well be 
very important factors in the proper use 
of this herbicide. Field observations in 
1948 indicated that plants growing on 
soil which had received high-nitrogen 
fertilizer were, in general, more easily 
killed by 2,4-D than plants growing on 
soil which had received a low-nitrogen 
fertilizer. Field experiments will have to 
be conducted and research data collected 
before this is proved. Differences in 
levels of fertility might well be one of the 
important reasons for the variable plant 
responses obtained in field applications 
of 2,4-D. 

The data obtained in this experiment 
do not point toward a def.nite mecha- 
nism of action of 2,4-D. It seems appar- 
ent, however, from the large percentage 
of total available carbohydrates remain- 
ing in the 2,4-D-treated, high-nitrogen 
plants, that death of the plants cannot be 
explained on the basis of a depletion of 
these food reserves. The percentage of 
starch was lower in 2,4-D-treated plants 
than in control plants, but there was 
little difference in percentage of total 
sugars. Although the percentages of total 
available carbohydrates were lower in 
2,4-D-treated, medium- and low-nitro- 
gen plants than in their respective con- 
trols, the percentages present in high-ni- 
trogen, 2,4-D-treated and control plants 
were nearly the same. Yet the high-nitro- 
gen control plants were growing luxuri- 
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antly after the treated plants had been 
killed by the 2,4-D treatment. 

One of the most consistent percentage 
differences occurred in the hemicellulose 
content of the plant. In all cases hemi- 
cellulose percentage was higher in the 
2,4-D-treated plants than in their re- 
spective controls. Explanation of this is 
not possible from the data presented 
here. 

The much lower nitrogen percentage 
in the leaves of 2,4-D-treated plants, 
compared with controls, indicates a pos- 
sible effect of 2,4-D on nitrogen metabo- 
lism or on the distribution of nitrogen. 
Analysis of the different nitrogen frac- 
tions should aid greatly in explanation of 
the physiological action of 2,4-D. 


Summary 


1. Soybeans were grown in sand cul- 
ture with nutrient solutions containing 
14, 56, or 336 p.p.m. of nitrogen. After 3 
weeks of differential nitrogen applica- 
tions, a solution containing 20 p.p.m. 
2,4-D was applied to the sand for 14 
days. The plants were then harvested 
and analyzed. 

2. The 2,4-D-treated plants receiving 
high-nitrogen solutions were dead 14 
days after the 2,4-D treatment was be- 
gun. At this time the medium-nitrogen 
plants showed severe chlorosis of leaves 
and stems and splitting of the stems, 
whereas the low-nitrogen plants showed 
only mild chlorosis. 

3. Roots of 2,4-D-treated plants re- 
ceiving high-nitrogen were badly decom- 
posed at harvest. Roots of 2,4-D-treated, 
medium-nitrogen plants showed some de- 
composition, whereas roots of treated, 
low-nitrogen plants were nearly normal. 

4. The hemicellulose content was higher 
and the starch content lower in 2,4-D- 
treated plants than in untreated plants. 








BER 
-en 


ge 
ose 
ni- 
the 
re- 
is 
ed 


ge 
ts 
oS- 
)0- 


LC- 


of 


od 





1950] WOLF ET AL.—2,4-D 197 


5. Total sugars were higher in 2,4-D 
treated, low- and high-nitrogen plants 
and lower in the 2,4-D-—treated, medium- 
nitrogen plants than in their respective 
controls. 

6. Reducing sugars were consistently 
higher at each nitrogen level in 2,4-D- 
treated plants than in control plants. 

7. At each nitrogen level both the size 
of the plants and the proportion of leaves 
to leaves-plus-stems were lower in 2,4-D- 
treated plants than in controls. 

8. Similar cation-anion ratios were not- 
ed for untreated plants, for all nitrogen 
levels, for leaves, for stems, and also for 
leaves and stems combined. On 2,4-D- 
treated plants this ratio in leaves was di- 
rectly related to nitrogen concentrations 
in the nutrient solution but was inversely 
related in the stems. When leaves and 
stems were combined, the ratios for 
treated plants were higher than for con- 
trol plants but nearly constant among 


themselves. These differences in ratios 
were due mainly to difference in the ni- 
trogen and phosphorus anions. 

g. Potassium was considerably lower 
and calcium was higher in leaves of 
2,4-D-treated plants than in controls, 
but, when results of leaves were combined 
with stems, these differences largely dis- 
appeared. 

10. Phosphorus, sulfur, and chlorine 
contents in the untreated plants were in- 
versely related to nitrogen concentration 
in the nutrient solution. This was also 
true of the treated and untreated plants 
if considered as separate series. At each 
nitrogen level chlorine and sulfur were 
higher in treated plants than in controls, 
while phosphorus was lower in treated 
plants than in controls of low- and medi- 
um-nitrogen level. 
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New Brunswick, NEW JERSEY 
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ABSORPTION, TRANSLOCATION, AND PERSISTENCE 
OF 2,4-DICHLOROPHENOXYACETIC ACID 
IN SOME PLANTS: 


A. S. DHILLON AND E. H. LUCAS 


Introduction 


Few attempts have been made to 
study the absorption and translocation of 
synthetic growth-regulators in plants by 
direct methods. ZIMMERMAN and Hirtcu- 
cocK (13), in their recent review, stated 
that there were only a few cases in which 
the applied hormone had been detected 
or identified by direct methods beyond 
the region of application. They men- 
tioned their own work (8) of 1938 which 
dealt with the extraction and identifica- 
tion of indole compounds from plants 
treated with indoleacetic acid and in- 
dolebutyric acid. The more recent paper 
by Woop et al. (12) on the application of 
a radioactively tagged plant growth-reg- 
ulator (2-iodo-3-nitrobenzoic acid) on 
bean and barley leaves also indicated 
that the growth-regulator entered the 
plant in molecular form and was trans- 
located as such. 

Most of the workers who have pub- 
lished discussions on this subject appar- 
ently assumed that the responsesobserved 
indicated that the substances used were 
absorbed and translocated. A few, how- 
ever, like MircHELL and Brown (10), 
who used the term “resulting stimulus” 
when referring to translocation phenome- 
na, seemed to feel that they had insuff- 
cient proof for a more explicit statement. 
DHILLON and Lucas (3) concluded from 
grafting experiments that the “formative 
stimulus” induced by 2,4-dichlorophe- 


t Journal Article no. 1131 of the Michigan Agri- 
cultural Experiment Station. 


noxyacetic acid was translocated across 
a graft union. They refrained from defin- 
ing the exact nature of the stimulus be- 
cause of the lack of evidence pertaining 
to absorption, translocation, and persist- 
ence of the growth-regulator. BEAL (1) 
stated that it was not known how or in 
what form the substituted phenoxy com- 
pounds used in his experiments entered 
the plant. 

In view of these observations and of 
hypotheses like that of GUTTENBERG (6) 
that synthetic growth substances are 
mere activators of native hormones, it is 
hardly advisable to draw conclusions 
about absorption and translocation sole- 
ly on the basis of growth responses, be- 
cause these may have resulted from indi- 
rect actions initiated at places other than 
those where final responses are exhibited. 
Direct approaches to a study of these 
phenomena by extracting from treated 
plants and identifying the growth-regula- 
tors applied may aid in understanding 
the mode of their action. 

It was with these aims in mind that 
the present study on absorption, translo- 
cation, and persistence of 2,4-dichloro- 
phenoxyacetic acid (applied as the sodi- 
um salt and henceforth designated as 
‘““9.4-D’’) was undertaken. It was felt 
that a study concerned with the absorp- 
tion and translocation might advanta- 
geously take into consideration the entry 
of such materials through leaves as well as 
roots. In the present investigation, there- 
fore, both leaves and roots were treated 
in different experiments. 
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Experimentation 


ABSORPTION THROUGH ROOTS 


For studying the absorption through 
roots two groups of plants were used: to- 
matoes and kidney beans, which are sus- 
ceptible to the action of 2,4-D, and sweet 
corn and oats, which are resistant to it. 
All plants were grown in the greenhouse 
in 4-inch unglazed clay pots containing a 
mixture of three parts of soil and one part 
of peat, from August to December, 1948. 
After the plants had reached the desired 
size, the soil was treated with different 
concentrations of 2,4-D after ascertain- 
ing in each case that the amount of 
2,4-D added caused growth responses. 
Precautions were taken to avoid con- 
tamination by covering the basal parts of 
the stems with vaseline to prevent a pos- 
sible external rise of the chemical by 
capillarity. The pots were covered with 
wrapping paper, with a small opening 
left for the plant, to prevent contact of 
the aerial parts with the contaminated 
soil. The following amounts and concen- 
trations of aqueous 2,4-D solutions were 
used with each group of plants: 

Tomatoes.—Ten ml. of a 500-p.p.m. 
solution of 2,4-D for individual pots con- 
taining single plants of the John Baer 
variety, 6 weeks old and 30-35 cm. in 
height. 

Beans.—Twenty ml. of a 1000-p.p.m. 
solution of 2,4-D for each pot containing 
two plants of the Red Kidney bean, 12 
days old, with folded trifoliolate leaves. 

Corn.—Ten ml. of a 1000-p.p.m. solu- 
tion of 2,4-D for each pot containing two 
plants of sweet corn, variety Golden Se- 
curity, 8 days old, with three leaves. 

Oats.—Ten ml. of a 1000-p.p.m. solu- 
tion of 2,4-D for each pot containing 
eight plants of Kent oats, g days old with 
three leaves. 

The chemical was applied to the soil 


surface, and the soil then saturated with 
water in each case. Tomatoes and beans 
showed nastic responses 6—12 hours after 
application. 

In each case plants were decapitated 
24 hours and 5 days, respectively, after 
the application. The vaseline-coated 
stumps were left in the pots. These 
stumps were 5-7 cm. long in tomatoes, 
with the cotyledons and the first two 
leaves attached; in beans, corn, and oats 
they were 4-5 cm. long. 

The exudate from the cut surfaces of 
the stumps of tomato and bean plants 
was collected by means of dropper bulb 
micro-pipettes. The two saps collected 
were separately applied with the same 
pipettes to primary leaves of g-12-day- 
old Red Kidney bean plants with trifoli- 
olate leaves still in the bud stage. In addi- 
tion, the color test described by FREED 
(5) was applied to the exudates of treated 
and untreated tomato plants after evapo- 
ration and further preparation according 
to FREED. Tomato stumps yielded a suf- 
ficient quantity of exudate to make both 
tests possible. The exudate from beans 
did not suffice for the color test, while 
neither corn nor oats supplied sufficient 
sap for either test. 

METHODS OF EXTRACTION.—Extrac- 
tions by two methods—with water and 
with acid and ether—were made of the 
tops of the plants decapitated after 24 
hours or 5 days. Each sample of tomatoes 
comprised five plants, of beans fourteen 
plants, of corn fourteen plants, and of 
oats fifty-six plants. 

In the extraction with water the plant 
material was crushed by means of a War- 
ing blendor, filtered by suction through 
Whatman no. 2 circles, and the filtrate 
concentrated on a steam bath. 

In the acid-ether extraction concen- 
trated sulfuric acid was added to the 
crushed material to make a 10% solution 
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of acid. The acidified preparation was re- 
fluxed for 2 hours to hydrolyze the mate- 
rial. It was then filtered as with aqueous 
extraction, the filtrate was shaken with 
ethyl ether, and the ether layer separat- 
ed. This procedure was repeated three 
times, and the ether extracts were com- 
bined. 

One-third of the ether thus collected 
was kept for the color test. An excess of 
sodium bicarbonate was added to the re- 
maining portion, and the ether was evap- 
orated. The residue was dissolved in dis- 
tilled water, and the solution adjusted to 
a pH value of approximately 5.5 in ac- 
cordance with the pH values of aqueous 
extracts of treated plants. The prepara- 
tions thus obtained from different plants 
were tested by application to the primary 
leaves of Red Kidney bean plants as de- 
scribed before. 

Since the acid-ether extraction method 
involved the conversion of the sodium salt 
of 2,4-D into the acid and the subsequent 
reconversion to the sodium salt, a sepa- 
rate experiment was set up in which an 
aqueous solution of the commercial sodi- 
um salt was subjected to the same treat- 
ment as the plant extract. The resulting 
solution of sodium 2,4-dichlorophenoxy- 
acetate was brought to approximately 
the theoretical concentration of the plant 
extracts. When tested on bean plants and 
by the color indicator, this solution gave 
positive results. 

QUALITATIVE METHODS OF DETERMIN- 
ING 2,4-D RECOVERED FROM PLANTS.— 
The ether extract obtained by the meth- 
od mentioned above was evaporated in a 
test tube, and the color test described by 
FREED (5) was used. A few crystals of 
1,8-dihydroxynaphthalene 3,6-disulfonic 
acid (chromotropic acid) and 2 ml. of 
concentrated sulfuric acid were intro- 
duced into the test tube containing the 
residue, and the mixture was gently heat- 
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ed in an oil bath at 140°150° C. for 2 
minutes. The development of a wine- 
purple color indicated the presence of 
2,4-D or some other halogen derivative of 
phenoxyacetic acid. Since the ether ex- 
tracts contained other substances whose 
presence interfered with the development 
of the characteristic color, ether extracts 
of untreated plants were tested as checks. 
The color determination was facilitated 
by dilution of the heated material after 
cooling and allowing it to stand until the 
suspended matter had separated. 

In the other method the aqueous ex- 
tract and the aqueous solution of the res- 
idue obtained from the ether extraction 
were applied to bean plants. Morpho- 
logical changes induced in trifoliolate 
leaves expanding after the application 
were taken as an indication of the pres- 
ence of 2,4-D in the extracts. 

ReEsuLts.—Exudates from cut stumps 
of tomato and bean plants decapitated 24 
hours after application of 2,4-D solutions 
to the soil in which they were growing 
caused epinasty and morphological 
changes of leaves on test bean plants 
when applied to their primary leaves (fig. 
1). FREED’s test on sap collected from the 
cut surfaces of such tomato stumps was 
also positive. 

The test of extracts from the tops of 
these plants also showed the presence of 
a growth-regulator. Aqueous extracts of 
tomato plants made 24 hours and 5 days, 
respectively, after the soil treatment in- 
duced curvature and changes in the form 
of the trifoliolate leaves of bean plants, 
but such extracts of the tops of beans, 
corn, or oats did not induce these effects. 
Acid-ether extracts of all species used, 
however, did cause them, from plants 5 
days as well as from those 24 hours after 
application of 2,4-D. In all aqueous and 
acid-ether extracts the FREED test gave 
positive results. 




















Fics. 1, 2.—Fig. 1 (below), visual evidence of absorption of 2,4-D through roots. Red Kidney bean plant 2 
was treated by application of six drops of exudate collected from cut stumps of decapitated tomato plants 
24 hours after 10 ml. of a 500-p.p.m. aqueous solution of sodium 2,4-dichlorophenoxyacetate had been ap 
plied to soil in which tomato plant grew. Plant 1 was similarly treated with six drops of sap from stumps of 
untreated tomato plants. Picture taken 18 days after application. Fig. 2 (above), persistence of 2,4-D in plants 
shown by response of Red Kidney bean plants. Plants 2 and 3 were treated with ether extracts made from 
tissues of tomato plants to which had been applied o.1 ml. of saturated 2,4-D solution on cut surface of stem, 
26 days prior to preparation of extracts; plant 2 received extract of roots and stem base; plant 3, extract of 
leaves. Plant 1 treated with ether extract from untreated tomato plant. In all cases eight drops of the ex- 
tracts were applied to one primary leaf. Picture taken 18 days later. 
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ABSORPTION THROUGH LEAVES 


Attempts were made to recover 2,4-D 
from plants after it had been applied to 
the leaves. The method of application 
consisted in placing on the leaf blades 
either a few drops of a concentrated solu- 
tion of 2,4-D or a mixture of the sub- 
stance with oleomargarine. The latter 
was chosen as the carrier because of some 
very desirable properties: absence of 
stickiness, a consistency which allowed 
spreading at greenhouse temperature and 
cutting off and weighing desired quanti- 
ties after refrigeration, and availability 
in uniform quality. It was found to be in- 
nocuous when applied to plants. The 
growth-regulator was admixed after 
gentle heating of the carrier. The treated 
leaves were covered with cellophane bags 
to avoid contamination and were sepa- 
rated from the plants after given periods. 
The tops of the plants were then extract- 
ed according to the methods previously 
described. None of the extracts thus ob- 
tained yielded evidence of 2,4-D when 
tested either on bean plants or by 
FREED’s method. 

Three possible explanations for the 
negative results are the following: 
(a) The chemical was not translocated 
from the treated leaves. (b) The sub- 
stance was translocated and was recov- 
ered but was lost in the process of extrac- 
tion. (c) The substance was present in too 
small a quantity to be recovered or to 
show an effect in the preparation applied. 
Since the untreated leaves on the treated 
plants showed epinasty, the first possi- 
bility can be ruled out if the nastic re- 
sponses are taken to be evidence of the 
presence of the growth-regulator. The 
second possibility is unlikely, since the 
same procedure had yielded 2,4-D from 
extracts made after absorption through 
roots from soil. The third possibility was 
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shown to be correct by the use of a differ- 
ent technique.” 

The method of introduction of 2,4-D 
through leaves of tomato and corn plants 
is shown in figure 3. John Baer tomato 
plants, 3 weeks old, with three to four 
leaves, were used. The second basal 
leaves of the plants were introduced care- 
fully, without breaking or bruising any 
part, into test tubes which had been in- 
serted in the soil. The bases of the blades 
of the corn leaves and the petioles of the 
tomato leaves which remained outside 
the test tubes were coated with vaseline 
to avoid any possible effect on nonex- 
posed parts caused by moving of the 
chemical on the surfaces. Some of the 
leaves were kept submerged in a 1000- 
p-p.m. solution of 2,4-D for 24 hours, and 
others for 48 hours. After these periods 
the treated corn leaves were cut at the 
ligules, and the tomato leaves at the 
bases of the petioles. Cross sections of 
treated leaves were examined microscopi- 
cally and showed no evidence of external 
damage of the epidermal tissue. 

For extraction each tomato plant was 
divided into the top, including all parts 
above the treated leaves, and the lower 
part, including the stem base with lowest 
leaf and cotyledons and the roots. Entire 
corn plants including roots were used for 
extraction. The two methods previously 
described were employed. Each sample 
was comprised of ten plants (or plant 
parts). All extracts were tested for re- 
sponses of bean plants in the manner de- 
scribed; the acid-ether extracts were also 
tested by FREED’s method. 

Twenty-four hours after start of the 


2 After this technique was developed, the authors 
became acquainted with the publication “A leaf 
immersion technique for studying the absorption 
and translocation of chemicals in plants” (Contrib. 
Boyce Thompson Inst. 15:165. 1948) by LAWRENCE 
J. Kine. In many respects his technique resembles 
the application described. 
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immersion treatment some of the tomato 
plants were decapitated above the treat- 
ed leaves still attached to the stem, and 
the exuding sap was collected from the 
cut stump. This sap was applied to the 
primary leaves of bean plants. 

RESULTS.—All acid-ether extracts pre- 
pared from tomato and corn plants after 
24-hour and 48-hour leaf-immersion treat- 
ments indicated the presence of 2,4-D on 
the basis of the color test. Positive re- 
sponses in the bean test were obtained for 
all acid-ether extracts except that made 
from the lower portion of tomato plants 
after 24 hours. Even this portion gave 
very pronounced effects, however, when 
it was extracted after 48 hours of leaf im- 
mersion. 

Aqueous extracts produced similar ef- 
fects when made from tops of tomato 
plants after 24-hour leaf immersion and 
from both tops and lower parts after 48- 
hour treatment. The aqueous extracts 
from treated corn plants showed no ac- 
tivity. Aqueous extracts were not tested 
by FREED’s method. 

Exudates from stumps of tomatoes de- 
capitated after a 24-hour immersion 
treatment gave positive results in the 
bean test as well as in the color test. The 
treated leaves when examined microscop- 
ically and compared with normal leaves 
showed no signs of injury or exposure of 
the vascular tissue. It is probable that, 
owing to the high concentration of the 
growth-regulator and the considerable 
amounts taken in, leakage into the xylem 
and upward transport in the stem might 
have occurred. 


PERSISTENCE OF 2,4-D IN PLANTS 


After thus establishing that 2,4-D en- 
ters the plant and is translocated proba- 
bly as such, it appeared desirable to as- 
certain whether it would remain within 
the tissues for an extended period. For 
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this purpose tomato plants of the variety 
John Baer, 7 weeks old, were chosen. 
Three healthy leaves were left on each 
plant which was decapitated just below 
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Fic. 3.—Immersion technique used for purpose 
of incorporating measurable quantities of 2,4-D 
into plants. 
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the fourth leaf. A hole approximately 2 
cm. deep was bored in each stump down- 
ward from the cut surface. Four drops, ap- 
proximately 0.1 ml., of a saturated aque- 
ous solution of 2,4-D were placed in the 
holes by means of dropper bulb pipettes, 
taking great care that no external con- 
tamination occurred. The treated part of 
the stem and an additional piece, 3 cm. 
long, were removed 24 hours after treat- 
ment. 

Samples of six plants each were taken 
24 hours, 7 days, and 26 days after treat- 
ment. The plants were divided into 
leaves, upper and lower halves of stems, 
and roots each time, and extractions of 
these portions were made separately by 
the acid-ether method. The only differ- 
ence between these preparations and 
those mentioned earlier was that the hy- 
drogen-ion concentration was adjusted to 
pH 7. The extracts were tested on Red 
Kidney bean plants and also by the 
FREED method. 

REsUuLTs.—Extracts from leaves and 
upper halves of stems, made 24 hours 
after treatment, caused curvatures of the 
test plants and later morphological 
changes of trifoliolate leaves. The ex- 
tracts from lower halves of the stems 
failed to cause curvatures but induced 
morphological changes of trifoliolate 
leaves. All these extracts gave positive 
tests with the FREED reagent. There was 
no evidence of the presence of 2,4-D in 
the root extracts in either test. 

Extracts made 7 days after treatment 
from the different parts enumerated all 
induced nastic and formative responses. 
Also, the color test was positive in all in- 
stances. 

Likewise, extracts made 26 days after 
treatment induced in all cases symptoms 
of the presence of 2,4-D (fig. 2). 

The results show that 2,4-D when ap- 
plied to decapitated stems is translocated 
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in all directions and penetrates into 
leaves as well as into roots. It can persist 
in the various organs. Its probable path 
of movement could be the xylem as well 
as the phloem and _ parenchymatous 
tissue. 


Discussion 


The results of qualitative tests made 
to investigate absorption and transloca- 
tion of 2,4-D are conclusive enough to 
demonstrate that the chemical when ap- 
plied in sufficient quantities to intact 
roots and leaves enters the plant and is 
translocated beyond the regions of appli- 
cation. The color test used for the detec- 
tion of 2,4-D in the extracts prepared 
from treated plants is not entirely specif- 
ic for 2,4-D, as pointed out by FREED 
(5). The results, presented by him in tab- 
ular form, of the color reactions of a num- 
ber of organic acids, however, indicate 
that a wine-purple color is specific for 
halogen derivatives of phenoxyacetic 
acid. In other words, regardless of the 
chemical structure of the substance de- 
tected in extracts and exudates from 
treated plants, it is quite certain that 
the applied growth-regulator was trans- 
ported in a form in which the phenoxy 
ring remained intact. Final evidence as to 
the actual compound recovered can only 
be offered after it has been crystallized 
and its chemical structure determined. 

The extracts obtained from treated 
plants according to the methods de- 
scribed were also physiologically active as 
evidenced by their induction of nastic 
and morphological responses in bean 
plants. These results further substantiate 
the conclusion that 2,4-D was absorbed 
and probably translocated as such. 

The present investigation on root ab- 
sorption (with the large quantitites of 
2,4-D which were used) and the identifi- 
cation of applied 2,4-D in exudates from 
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stumps of tomatoes and beans suggest 
that translocation of the substance from 
the roots took place mainly with the as- 
cending stream through the xylem. 
HitcHcock and ZIMMERMAN (8), using a 
similar technique, showed the transport 
of indoleacetic acid and indolebutyric 
acid to take place in the same manner. 
The present findings also support the 
views of HircHcock and ZIMMERMAN (7), 
FERRI (4), and MitcHELL and Brown 
(10) derived from their indirect evidence. 

The root system of the tomato seemed 
to absorb 2,4-D at a more rapid rate than 
did those of the other species tested; the 
substance was therefore translocated in 
sufficient quantity to be extracted even 
with water. Obviously the other species 
absorbed 2,4-D through the roots also 
and translocated it into the aerial parts, 
but not in sufficient quantity to be ex- 
tracted by water. 

The translocation of 2,4-D when it is 
applied to leaves may be through phloem 
or other living tissues, as suggested by 
MITCHELL and Brown (10). The pres- 
ence of 2,4-D in tomato exudates and the 
removal of it by aqueous extraction, 
however, also suggest that at least part of 
the 2,4-D may have moved through the 
xylem. SKooc (11) stated that under spe- 
cial conditions, in the presence of very 
high concentrations, auxin (indoleacetic 
acid) introduced into the plant in aque- 
ous solution may also move downward in 
the xylem. Larpacu and FIscHNICH (9) 
suggested that transport may occur in 
different channels, in xylem, phloem, or 
parenchyma, depending on conditions 
and plants. 

The results indicate that the method 
using acid extraction was better suited 
than aqueous extraction for the separa- 
tion of 2,4-D from the tissues, probably 
on account of the hydrolysis performed. 
The fact that aqueous extracts of corn 


failed to yield positive tests for 2,4-D is 
suggestive of a possible combination of 
2,4-D with organic substances within the 
cells from which only a more potent 
chemical impact can release it. 

The movement of aqueous solutions of 
2,4-D applied to decapitated plants could 
have occurred in all kinds of tissues. Part 
of the growth-regulator probably moved 
through the xylem, at least in the initial 
stages. The translocation into the roots, 
which required some time, may have 
been effected through living tissues. 

The results of the studies further point 
out that there was multidirectional 
movement of 2,4-D, because it could be 
detected in leaves, stems, and roots. 
Corns (2) derived similar conclusions 
from his observations on the killing ef- 
fect on various organs of sow-thistle 
plants when 2,4-D was injected into their 
severed stems. 

It was not determined how long a de- 
tectable quantity of 2,4-D remained in 
the tissues after the treatment when the 
absorption took place through roots and 
leaves. When the substance was applied 
to decapitated stems of tomatoes in suf- 
ficient quantity, however, it could be 
found in various organs of the plants 
even 26 days later. 

It is not yet known whether the part of 
the chemical which reacts with cell con- 
stituents is recoverable by the extraction 

nethods used. It is possible that the 
present method of demonstrating the 
transport of applied growth substances 
accounts only for the excess left over 
after a certain amount of the chemical 
had reacted within the tissues. When 
leaves were treated with such limited 
quantities of 2,4-D as can be applied by 
means of pipettes or by spraying, and ex- 
tractions were made of the plants that 
showed curvatures, the extracts did not 
contain detectable quantities of 2,4-D. 
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When the plants were treated by immers- 
ing their leaves for 24 and 48 hours, re- 
spectively, in rather concentrated solu- 
tions, evidently enough of the chemical 
was taken up to manifest itself even in 
aqueous extracts. Further work is needed 
with refined techniques. In addition, it 
will be necessary to attempt to isolate 
and identify the chemical from plants 
which were treated with low concentra- 
tions causing physiological responses such 
as rooting, or into which known quanti- 
ties of the chemical were introduced. The 
quantitative recovery of growth-regula- 
tors may yield information pertaining to 
their mode of action. Hypotheses like 
that of GUTTENBERG could be proved or 
disproved. 


Summary and conclusions 


1. Substantial evidence revealed that 
the roots of tomato, bean, corn, and oat 
plants are all capable of absorbing the so- 
dium salt of 2,4-dichlorophenoxyacetic 
acid (2,4-D) from the soil. The absorbed 
chemical is translocated, probably in its 
original active form, into the aerial parts 
but further investigations will be neces- 
sary to identify the substance recovered. 
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2. Attempts to extract and detect 
2,4-D failed when it was applied in quan- 
tities of a few drops of a 1000-p.p.m. 
aqueous solution or in equivalent 
amounts in the form of a paste to leaves 
of tomato, bean, corn, and oat plants. 
The immersion of tomato and corn leaves 
in a 1000-p.p.m. solution of 2,4-D for 24 
and 48 hours gave evidence that the 
growth-regulator is absorbed and proba 
bly translocated as such. The tissue in 
which the translocation of the recover- 
able material takes place is suggested to 
be the xylem. 

3. Following the application of satu- 
rated aqueous solutions of the sodium 
salt of 2,4-D to the cut stumps of decapi- 
tated tomato plants, there was a multi- 
directional movement of the substance, 
since it was recovered from various or- 
gans. The substance was found in ex- 
tracts of leaves, stems, and roots even 26 
days after treatment. 


The authors are indebted to Drs. 
H. M. Seti and C. L. HAMNER for valu- 
able suggestions and advice. 
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EFFECTS OF VARIOUS PLANT GROWTH-REGULATORS ON FLOWER- 
ING IN SEVERAL CROP PLANTS! 


ELROY L. RICE 


Introduction 


During the last 15 years much interest 
has been evinced concerning the relation 
of growth-regulators to flowering. The 
only plant which has been induced to 
flower almost at will by the application of 
growth substances is the pineapple (5, 6, 
17, 18). The majority of workers in this 
fie'd have reported that plants other 
than the pineapple are delayed in flower- 
ing or prevented from flowering when 
treated with growth-regulators (2, 8, 9, 
13, 16). Some workers however, have 
found slightly earlier flowering in certain 
plants as a result of treatment with 
growth substances (10, 12, 14, I5). 
LEOPOLD and THIMANN (11) stated that 
the application of minute amounts (ap- 
proximately 1 ygm. for a 3-week-old 
plant) of a-naphthaleneacetic acid re- 
sulted in an increase of the number of 
flower primordia produced in Wintex 
barley, while greater amounts inhibited 
flowering. 

Experiments were devised to test the 
effect of certain growth-regulators on the 
flowering of several crop plants, including 
winter and summer annuals and bien- 
nials. 


' This work was supported in part by a grant 
from the University of Oklahoma Faculty Research 
Committee. 


Material and methods 

The plants investigated included two 
winter annuals, Wintok oats (C.I. 3424) 
and Pawnee winter wheat (C.I. 11669); 
two summer annuals, Little Marvel gar- 
den peas and Stringless Green Pod beans; 
and three biennials, Early Blood Turnip 
garden beets, Danvers Half Long car- 
rots, and Evergreen white sweet clover. 
The oat, wheat, and sweet clover seed 
were furnished through the courtesy of 
the Agronomy Department of Oklahoma 
Agricultural and Mechanical College, 
while the pea, bean, beet, and carrot seed 
were purchased from Ferry’s Seed Com- 
pany. 

The plants were grown in fine sandy 
loam in field plots on the South Campus 
of the University of Oklahoma at Nor- 
man, Oklahoma, during the growing sea- 
son of 1949. All were planted in March, 
with the exception of the beans, which 
were planted on April 7. The wheat, oats, 
and clover were planted in strips of four 
rows each, with rows about 8 inches 
apart. All other seeds were planted in 
rows spaced about 40 inches apart. 

The plants of each species were divided 
into nine test groups and one control 
group. Each test group was sprayed with 
an aqueous solution of sodium 2,4-di- 
chlorophenoxyacetate [Na(2,4-D)], so- 
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dium 2,4,5-trichlorophenoxyacetate [Na- 
(2,4,5-T)], or 4  chloro-o-toloxyacetic 
acid (4,0-T) in concentrations of 0.1, 1, 
or 10 p.p.m. The spraying schedule for 
each species is given in conjunction with 
each experiment. Na(2,4-D) was ob- 
tained through the courtesy of R. W. 
Towne of Monsanto Chemical Com- 
pany, St. Louis, and Na(2,4,5-T) and 
4-0-T through the courtesy of LAWRENCE 
SOUTHWICK of the Dow Chemical Com- 
pany, Midland, Michigan. 


Experimentation 


STRINGLESS GREEN Pop BEANS.—The 
test groups of bean plants were sprayed 
until thoroughly wetted at the time the 
second trifoliolate leaf was just starting 
to expand. The spraying was done on the 
afternoon of May 5, at which time the 
sky was partly cloudy and air tempera- 
tures ranged from 65° to 83° F. All tem- 
peratures were recorded at the Univer- 
sity of Oklahoma weather station located 
1 mile from the experimental plot, the 
intervening area being level. 

The bean plants sprayed with o.1- 
p.p.m. preparations of any of the growth- 
regulators did not vary appreciably from 
the corresponding controls in their flow- 
ering periods (fig. 1), and those treated 
with 1-p.p.m. concentrations showed 
even less variation from the correspond- 
ing controls. 

The flowering period of bean plants 
treated with 10-p.p.m. concentrations of 
4-0-T coincided quite closely with that of 
the controls (fig. 2). The beginning of the 
flowering period was delayed about 2 
days in plants treated with the 1o-p.p.m. 
solution of Na(2,4-D) (fig. 2), their peak 
flowering date was reached 2 days later 
than that of the controls, and their entire 
flowering period was prolonged some- 
what beyond that of the controls. A sug- 
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gestion of two periods of peak flowering 
may be noted from the graph. Plants 
treated with this concentration of 
Na(2,4-D) were somewhat stunted, leaf 
blades were smaller, thickened, wavy, 
and had prominent veins. The beginning 
of the flowering period was delayed about 
4 days in the plants treated with 
Na(2,4,5-T) at 10 p.p.m., and their 
flowering period was prolonged consid- 
erably (fig. 2). The date of the peak 
flowering was 9 days later than in the 
controls, and there was a pronounced 
double peak. The period during which 
flowering was occurring at a fairly rapid 
rate was much longer in the latter plants 
than in the controls. Na(2,4,5-T) induced 
no observable morphological effects on 
the plants. 

Pods were harvested from sixty plants 
in each test group and controls 1 month 
after the start of flowering in each group. 
Using the average total oven-dry weight 
of pods per plant as a criterion of yield 
(table 1), there were no statistically sig- 
nificant differences in yield as compared 
with the corresponding controls despite 
the pronounced effects of some treat- 
ments on the time of flowering. 

LitTLE MARVEL GARDEN PEAS.—Pea 
plants were sprayed first on the afternoon 
of April 20, when three leaves were ex- 
panded and a fourth was just starting to 
expand. They were sprayed a second 
time on the afternoon of April 29, when a 
very few plants were just starting to 
flower. The sky was clear on both after- 
noons, with air temperatures ranging 
from 50° to 66° F. on April 20 and from 
57° to 73° F. on April 29. The amount of 
each solution applied was equivalent to 
approximately 70 gallons per acre at each 
spraying. No spreading agent was added 
to any sprays at any time and, conse- 
quently, the plants were not thoroughly 
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wetted, even though the amount of spray 
solution applied was sufficient to do so if 
all of it had adhered to the plants. 
Flowering began at the same time in 
sprayed plants as in the controls, reached 
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Mean dry weight of pods per plant in 
each treatment was determined. The 
only significant data (table 2) indicate 
that the treatments caused slight reduc- 
tions in yield. 
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Fic. 1.—Effect of 0.1-p.p.m. sprays of various growth-regulators on time and quantity of flowering of 


Stringless Green Pod beans. 


a peak at the same time, and ceased at 
essentially the same time. There were no 
outward morphological effects on leaves 
resulting from any treatment. The pods 
were considerably distorted, however, on 
plants sprayed with 10-p.p.m. concentra- 
tions of Na(2,4-D). 


PAWNEE WINTER WHEAT.—The fact 
that many winter annuals such as winter 
wheat and winter rye will not flower un- 
less exposed to a certain minimum num- 
ber of hours of low temperatures is well 
known. In the present experiment the 
winter wheat was planted in the spring 
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to see if it would be induced to flower by 
the application of the previously men- 
tioned growth-regulators without first 
having been exposed to the low tempera- 
tures of the winter months. The planting 
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FIG. 2. 
Stringless Green Pod beans. 


date was March 16; after that date the 
minimum daily temperatures were slight- 
ly below freezing on only 2 days, March 
19 and 20. There were only 7 days with 
minimum temperatures below 40° F. aft- 
er March 20, and, with the exception of 
4 days, the maximum daily temperatures 
were in the sixties or higher. 
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In addition to the ten regular plots, 
three extra plots were used. The latter 
were sprayed twice with 0.1-p.p.m. con- 


centrations of the growth-regulators 
within a 9-day period. 

A 

\ 

\ 


——— CONTROL 
— — —=Na(2,4-D) 10 p.p.m. 


63 65 67 


Effect of 10-p.p.m. sprays of various growth-regulators on time and quantity of flowering of 


The wheat plants were sprayed first on 
the afternoon of April 12, at which time 
the sky was clear and air temperatures 
ranged from 42° to 68° F. Most of the 
plants then had three leaves with ex- 
panded blades. The three extra plots 
were sprayed a second time on April 20, 
on which date air temperatures ranged 
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from 50° to 66° F. The approximate rate 
of applications was 70 gallons per acre at 
each spraying. 

The nine regular treated plots were 
sprayed again on the afternoon of June 
11 at the approximate rate of 100 gallons 
per acre. The sky was clear, and tem- 
peratures ranged from 63° to 86° F. For 
3 weeks before this second spraying the 
wheat showed symptoms of a heavy in- 
festation of orange leaf rust. This disease 
may have had considerable effect on the 
results of the experiment. 

No flowering (anthesis) occurred in 
any of the wheat plants, treated or not, 
nor did any exsertion occur. In fact, 
there was practically no culm elongation 
in any of the plants. Culms were col- 
lected from ten or more plants in each of 
the thirteen plots on July 14 and July 21. 
Dissection under a microscope revealed 
that the majority of shoot apices from all 
plots were in a transition stage toward 
the development of inflorescences as rec- 
ognized by the occurrence of primordia 

TABLE 1 
EFFECT OF VARIOUS GROWTH-REGULATORS ON 
YIELD OF STRINGLESS GREEN POD BEANS. EACH 
VALUE BASED ON SIXTY-PLANT SAMPLE 


MEAN DRY WEIGHT (GM.) OF 
PODS PER PLANT* 


TREATMENT 
0.1 p.p.m. 10 p.p.m 
Controls 13.6 14.4 
Na(2,4-D) 12.3 ‘5.7 
Na(2,4,5-T) r:3 14.2 
4-0-T 52.4 15.1 


* Differences from corresponding controls not significant 


with double ridges (3). Most of the wheat 
plants were dead by about August 1. 

WINTOK oOATS.—Since this variety 
may be planted in either fall or spring in 
Oklahoma, it is not, in a strict sense, a 
true winter annual. 
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In this experiment the planting and 
spraying schedule was the same as that 
for the wheat except that the nine regular 
test plots were not sprayed a second time. 
There were no apparent differences in 
time of flowering or amount of flowering 


TABLE 2 
EFFECT OF VARIOUS GROWTH-REGULATORS ON 
YIELD OF LITTLE MARVEL GARDEN PEAS. VAL- 
UES BASED ON SAMPLES OF 26-89 PLANTS 


MEAN DRY WEIGHT (GM.) OF 


a PODS PER PLANT 
TREATMENT 


(P.P.M.) ; 
Na(2,4-D) Na(2,4,5-T) 3-o-T 
° 4.0 5.0 5.2 
* a 
O.1 2.9 5-4 4.4 
* * a 
I 4.9 4.1 4-3 
10 4.0* 5.6 
* Difference from corresponding controls significant at 


t 


5° level or better. 


in any of the sprayed plants as compared 
with the controls. 

BIENNIALS.—The sweet clover, beets, 
and carrots were planted in March, and 
each was sprayed a total of three times 
during the spring and summer months 
with the three concentrations of each of 
the three growth-regulators. No plants 
showed any outward morphological ef- 
fects after any spraying. Moreover, none 
of the plants flowered during the first 
growing season. 


Discussion 


In no case in the present investigation 
was there a stimulation of earlier flower- 
ing resulting from the application of any 
concentration of any of the growth-regu- 
lators tested. On the other hand, there 
was a pronounced delay in flowering of 
those bean plants sprayed with to-p.p.m. 
concentrations of either Na(2,4-D) or Na- 
(2,4,5-T), the latter resulting in the great- 
est delay. Plants treated with the former 
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substance were somewhat deformed and 
stunted, so it is possible that the delay in 
flowering could have been due to a slow- 
ing of growth rather than to a direct ef- 
fect on differentiation of flower pri- 
mordia. If true, this would be in agree- 
ment with the conclusion of LEOPOLD 
and THIMANN (11) that auxin does not 
simply oppose flowering but exerts an 
effect analogous to its effect on vegeta- 
tive development. On the other hand, 
growth of plants treated with a 10-p.p.m. 
concentration of Na(2,4,5-T) was appar- 
ently not affected in any way. This sug- 
gests that the latter substance had a di- 
rect effect on differentiation of flower 
primordia. Results of greenhouse trials 
on Bountiful beans (9) and on Red Kid- 
ney beans (13) were almost identical with 
those obtained in the present field inves- 
tigation. In field experiments, however, 
STROMME and HAMNER (13) reported 
that 1-p.p.m. and 10-p.p.m. concentra- 
tions of Na(2,4-D) had no effect on the 
time of flowering of Red Kidney beans. 
With a higher concentration (100 p.p.m.), 
however, the latter workers found that 
flowering was markedly delayed. 

No report has been found concerning 
the effect of 2,4,5-T on flowering in any 
plants. Its pronounced effect in delaying 
flowering of Stringless Green Pod beans 
without bringing about any outward 
morphological changes or decreases in 
yield suggests a need for further research 
along this line. 

The results of the present investiga- 
tion agree with those of the majority of 
workers that the application of growth 
substances generally brings about a delay 
in flowering rather than an induction of 
flowering in the plants investigated. In 
fact, according to CHoLopNy (4), DosTaL 
and Hosex found that ‘flower ready” 
stem tips of Circaea could be made to re- 
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vert to the vegetative habit by the appli- 
cation of auxins. In the light of all the 
evidence which is accumulating it would 
seem more logical to use an anti-auxin, 
or perhaps an auxin inhibitor, in at- 
tempts to induce flowering. This is at 
least partially borne out by the recent 
work of BONNER (1), who found that the 
application of the anti-auxins 2,4-di- 
chloranisole and triiodobenzoic acid, to 
Xanthium plants kept on long photo- 
periods resulted in the initiation of 
flower-like buds in treated plants, while 
untreated plants remained vegetative. 
Moreover, GALSTON (7) found that the 
flowering response of Peking and Biloxi 
soybean plants was augmented by the 
application of triiodobenzoic acid. 


Summary 


1. An investigation was made of the 
effects of sprayed aqueous solutions of 
sodium 2,4-dichlorophenoxyacetate [Na- 
(2,4-D)], sodium 2,4,5-trichlorophenoxy- 
acetate [Na(2,4,5-T)], and 4 chloro-o- 
toloxyaceticacid [4-0-T] inconcentrations 
of 0.1, 1, and 10 p.p.m. on flowering and 
yield of winter annuals (Wintok oats and 
Pawnee wheat), summer annuals (Little 
Marvel garden peas and Stringless Green 
Pod beans), and biennials (Early Blood 
Turnip garden beets, Danvers Half Long 
carrots, and Evergreen white sweet 
clover). 

2. No treatment was successful in in- 
ducing flowering in nonvernalized winter 
wheat or in inducing flowering in the 
biennials during the first growing season. 

3. No differences in time or amount of 
flowering of oats were observed in any 
treatments. 

4. The sprays had no effect on time or 
quantity of flowering in peas. The only 
statistically significant effect on yield of 
peas was a slight reduction. 
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5. Treatments with o.1- or 1-p.p.m. 
concentrations of each growth-regulator 
or with 10 p.p.m. of 4-0-T appeared to 
have little or no effect on the time of 
flowering of the beans. Bean plants 
sprayed with to-p.p.m. solutions of 
Na(2,4-D) or Na(2,4,5-T) were delayed 
in flowering by 2 days and 4 days, respec- 
tively. The peak flowering date was de- 


layed g days by the latter treatment. In 
the former case the plants showed pro- 
nounced morphological effects, but in the 
latter case no outward morphological 
changes were evident. None of the treat- 
ments had any significant effect on the 
yield of beans. 
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EFFECTS OF DIFFERENCES IN PHOSPHORUS NUTRITION ON THE 
NITROGEN CONTENT AND PHOSPHORUS 32 ABSORPTION 
OF FOUR SPECIES OF GRASS 


TSUNG-HSUN TSAO, GLENN S. RABIDEAU, AND W. GORDON WHALEY 


Introduction 


This paper is a report on the effects of 
different levels of phosphorus nutrition 
on nitrogen content and phosphorus 32 
absorption in four species of grass: An- 
dropogon ischaemum L., the King Ranch 
bluestem strain; Bouteloua curtipendula 
(Michx.) Torr., side-oats grama; Era- 
grostis trichodes (Nutt.) Wood, sand 
lovegrass; and Sorghastrum nutans (L.) 
Nash, Indian grass. These species are 
perennial grasses of some economic im- 
portance in the southern United States. 
All are of upright habit, a factor of con- 
cern when experiments must be con- 
ducted in greenhouse cultures. Each has 
certain features of particular interest 
with respect to the relationships between 
physiological characteristics and devel- 
opmental characteristics. 


Material and methods 

Seeds of all four species were kindly 
furnished by the San Antonio nursery of 
the Soil Conservation Service of the 
United States Department of Agricul- 
ture. The seeds were soaked in distilled 
water for 6 hours, sown in acid-washed 
quartz sand in 1-gallon glazed crocks, 
and covered with approximately 3 inch 
of sand. Immediately before sowing the 
seeds, 500 ml. of WoLKoFF’s (17) modifi- 
cation of Shive’s solution were added to 
each crock. Trace-element solutions A 
and B of HoaGLaNp and ARNON (6) 
were used with the nutrient solution. 
Crocks containing the different species 
were distributed on the greenhouse bench 
in a randomized block pattern. During 


germination and early seedling growth 
the crocks were covered with glass plates 
so as to maintain a high moisture level. 


During the first 2 weeks after emer- 
gence the seedlings were watered every 
other day with the complete nutrient so- 
lution. At the end of this period four 
crocks of each species (designated here- 
after as Series A) were deprived of any 
further supply of phosphorus by substi- 
tuting a phosphorus-free nutrient solu- 
tion in which KCl replaced KH,PO,. 
Series B, C, D, and E, of like composi- 
tion, were similarly deprived 3, 4, 5, and 
6 weeks, respectively, after emergence. 
The control, Series N, was watered twice 
a week throughout the entire 7-week ex- 
perimental period with the complete nu- 
trient solution (500 ml. each time). 

At the beginning of the experiment 
there were approximately 200 seedlings 
per crock, this number being gradually 
reduced during sampling. At frequent in- 
tervals plants were removed for morpho- 
logical studies and evaluation of growth, 
a discussion of which will appear in a 
separate publication. In sampling, an at- 
tempt was made to keep the number of 
plants per crock approximately uniform, 
and any atypical or injured plants were 
eliminated. Sampling for the phosphorus 
studies was begun 7 weeks after emer- 
gence. Five plants of each species from 
each series were transferred from the 
sand cultures to distilled-water cultures 
preliminary to the feeding of radiophos- 
phorus. This transfer was effected by 
emptying the crocks and carefully sepa- 
rating the roots from the sand by wash- 
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ing with water. The plants were then in- 
serted in perforated corks, and their 
roots were immersed in distilled water in 
1-quart Mason jars. To provide for re- 
covery from possible injury, the roots 
were allowed to remain in the water for 1 
week. At the end of the recovery period 
phosphorus 32 in the form of orthophos- 
phoric acid was added to the water. The 
initial radioactivity of this solution was 
about to uc/ml of solution. 

The plants with their roots in the 
radiophosphorus solution were allowed 
to stand in the greenhouse during the ab- 
sorption period. A preliminary experi- 
ment with A. ischaemum had indicated 
that the absorption of P*? under such 
conditions is a relatively slow process. 
Hence, the experimental plants were left 
with their roots in the solution for 26 
hours (from 12:00 M. until 2:00 P.M. the 
following day). They were then removed 
from the jars, and their roots were 
washed in running water. Shoots and 
roots were dried and weighed separately. 
The samples were then ground in a Wiley 
mill to pass through a 60-mesh screen. 
The mill was cleaned carefully after the 
grinding of each individual sample. The 
finely ground powder was kept in sepa- 
rate paper envelopes in desiccators until 
analyses could be made. 

Each sample was analyzed for Kjel- 
dahl nitrogen, total phosphorus, and to- 
tal radiophosphorus. For Kjeldahl nitro- 
gen a direct Nesslerization of acid- 
digested mixtures was followed by photo- 
colorimetric estimation by the method of 
Kocu and McMEEKIN (7). Four-milli- 
gram samples were weighed into large 
Pyrex test tubes which had been cali- 
brated to ro ml., and 3 ml. of 1:1 H.SO, 
were added to each test tube. A few drops 
of 30% H.O, were added when the con- 
tents of the tubes were almost clear. Af- 
ter digestion was complete, distilled wa- 


ter was added up to the 1to-ml. mark. 
Ten milliliters of the Nessler-Folin solu- 
tion (Koch modification) were then 
added to develop color, and readings 
were taken through a green filter 10 min- 
utes later. A standard curve was pre- 
pared by using a series of dilutions of the 
standard solution of NH,Cl. For the de- 
termination of total phosphorus, the pro- 
cedure of FISKE and SUBBAROW (5) was 
followed after the plant material had 
been ashed by the method of WotrF (16). 
Radioactivity of the samples of dry 
powder was determined with a Geiger- 
Miiller radioactivity counter apparatus. 
In each instance two counts were made 
on each of the duplicate 20-mg. samples. 
After the first count of each sample the 
powder was redistributed in the alumi- 
num sample pan, and a second count was 
made. Final radioactivity figures were 
obtained by averaging the counts made 
on each set of duplicate samples. 


Results 

The average dry weights of roots, 
shoots, and whole plants after 7 weeks’ 
growth in sand culture and 1 week in 
water culture are shown in table 1. In 
evaluating the data for root weight, it 
should be borne in mind that there may 
have been some loss of root tissue in the 
transfer of the plants from sand to water 
in preparation for the feeding of radio- 
active phosphorus. In each species, treat- 
ment-A plants, which were fed phos- 
phorus for only 2 weeks, made distinctly 
less shoot growth than the plants in any 
of the other treatments. The longer phos- 
phorus feeding periods did not give any 
consistent advantage in shoot growth. 

The total phosphorus content of the 
shoots on the basis of ugm/mg of dry 
weight is given in table 3. Except in the 
case of B. curtipendula the absorption of 
phosphorus was apparently continued 
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throughout the experimental period. The 
four species differed significantly in the 
amount of phosphorus absorbed. At the 
end of the 7-week period the S. nutans 
shoots had accumulated nearly three 
times as much phosphorus per unit of 
dry weight as had those of B. curtipen- 
dula. 

The percentage values of Kjeldahl 
nitrogen on a dry-weight basis are given 
in table 2. The nitrogen contents were 
lower than have been reported by some 
investigators (10), but this may be the 
result of sampling differences or of sea- 
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those on total phosphorus, show clearly 
that the longer the period over which the 
plants were fed phosphorus, the greater 
was the accumulation of both total phos- 
phorus and radiophosphorus. 

The data on P* absorption expressed 
as counts per unit microgram of total 
phosphorus in the tissue (table 3) show 
an increase in the amount of P* with 
each progressively longer phosphorus- 
absorbing period. This fact suggests a 
definite relationship between the amount 
of P* absorbed and the amount of phos- 
phorus previously present in the tissue. 


TABLE 1 


DRY WEIGHTS IN GRAMS (AVERAGE OF 


THREE PLANTS) AFTER 7 WEEKS IN SAND 


CULTURES AND 1 WEEK IN WATER (SEE TEXT) 








A. ischaemum 


B. curltipendula 





TREATMENT 








| 

| 
Root | Shoot | Total | Root | Shoot 
A | O25 | 0. 86 i.21 | 0:37 | 6.39 
B : <32 | t.45 t.70 -O7 | .46 
& 31 | 1.14 1.45 | .08 | +47 
... .25 | 1.85 2:30] <1a:| <§2 
E 527 | 1.21 1.48 | 13} .47 
N. 0.24 | 1.43 1.67 | 0.13 ees 








sonal differences. There was not a con- 
sistent nitrogen percentage increase with 
age. 

Table 3 gives data on the amount of 
P** absorbed, on the basis of counts per 
minute per 20 mg. of dry weight. These 
results are given for shoots only. Al- 
though root samples were counted, the 
counts were so high and so variable, 
probably as the result of differences in 
the amount of radioactive phosphorus 
retained on the root surfaces, that the re- 
sults did not seem valid and have there- 
fore been omitted. In all four species the 
amount of radiophosphorus absorbed in- 
creased with the length of time over 
which the plants had been fed phos- 
phorus. These data, considered with 








E. trichodes S. nutans 
: Sa EES! ST Ee Ge 
Total | Root | Shoot | Total | Root | Shoot | Total 
0.56 | 0.10 | 0.25 | 0.35 | 0.14 | 0.33 0.47 
53 | =21 G4 | ©2975 1 .¥2 70} 0.82 
$5 1 2.65 . 36 0.41 | #2 .go 5.32 
.64 .18 57 0.75 | .28 .go 1.18 
GO] .1§ -4I 0.56 aa Re | ©.94 
0.69 | 0.19 | 0.83 | 1.02 | 0.24 | 0.53 0.77 
| | 

















The data for absorption of P? on a 
per-plant basis (table 3) indicate approxi- 
mately a tenfold increase of such absorp- 
tion when the phosphate-feeding period 
was increased from 2 to 7 weeks. 

The absorption and distribution of P 
in A. ischaemum was also evaluated by 
the radioautograph technique. Four- 
week-old plants were transferred from 
the sand cultures to a nutrient solution 
rather than water for absorption prior to 
radioautography. After a recovery period 
of 24 hours P** was added to the nutrient 
solution. After a 4-hour absorption pe- 
riod the plants were removed and their 
roots washed thoroughly with tap water. 
The roots were dried by blotting with 
filter paper, and the plants were then 
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allowed to dry in a herbarium press. 
Radioautographs were made by pressing 
dried plants on Agfa Non-Screen X-ray 
films in light-tight boxes for a sufficient 
TAB 
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gregation of the leaf sheaths in this re- 

gion. The work of RABIDEAU ef al. (13) 

has indicated clearly, however, that the 

P* is concentrated in the shoot apical 
LE 2 


TROGEN ON DRY-WEIGHT BASIS 


| 
| 














SHOOT Root 
TREATMENT 
; |B. curti ve ; - B. curti- “ 
A. ischaemum ests E. trichodes S. nutans |A. ischaemum paring E. trichodes S. nutans 
| pendula | | pendula 
A 1.50 I.50 1.00 1.30 0.86 .25 | 1.00 1.26 
B 1.74 1.26 1.00 1.70 0.90 ‘| 1.26 1.34 | 1.34 
& 1.70 1.26 0.50 =| 1.50 | 1.00 | 1.26 1.16 1.40 
D 1.74 1.50 0.52 a 1.10 | 0.96 1.16 1.16 
E 2.00 1.26 1.00 1.70 ©.90 | 0.84 1.34 1.26 
N 2.00 1.00 1.00 2.15 0.80 0.84 1.35 0. 86 
TABLE 3 
TOTAL PHOSPHORUS AND PHOSPHORUS 32 IN SHOOTS 
| ; B. ti i : , ; ti- er 
Serres |A. ischaemum meas E. trichodes S. nutans |A. ischaemum ». onl E. trichodes S. nutans 
| pendula pendula 
Total phosphorus (ugm/mg dry wt.) P3? absorbed (counts/min/20 mg dry wt.) 
| > a a | > | 
1.4 o.! 0.7 2 159 | 110 | 482 | 219 
B 1.5 °.9 0.7 «| 2.4 424 | 186 | 506 | 339 
( is ee Pe 2.8 605 240 | 816 | 632 
| 
D 1.8 1.7 1.3 | acy 726 | 316 | 825 1186 
E 2:5 r.3 1.8 4.1 928 | 552 966 | 1353 
N | 2.4 1.5 2:9 4.2 1065 | 919g | 970 | 1668 
| 
— = 2 : . saciieiaea 
Ps? absorbed (counts/ugm total phosphorus) Ps» absorbed on a per-plant basis (counts/min/plant) 
| — —E - 
| | 
A | 5.87 6.87 | 34.20 5.21 2,942 1,034 2,820 | 2,049 
| ) | > 
B 14.68 10.33 | 36.15 7.06 12,338 1,590 6,330 4,580 
Cc 20.24 | 13.62 | 37.09 11.28 14,587 | 2,280 5,671 | 11,581 
D | 24.20 9.29 31.73 19.18 25,440 3,305 10,341 | 23,350 
. | > ] 
E | 18.55 21.72 20.34 10.50 22,923 5,492 7,954 | 21,204 
N 17.18 30.62 22.05 21.05 29,526 10,603 16,490 | 21,267 


number of hours to permit accumulation 
of the required amount of radiation. Fig- 
ure 1 shows the distribution of radio- 
phosphorus in a typical plant, with most 
P in the region surrounding the shoot 
apical meristem. This concentration is 
undoubtedly in part a result of the ag- 


meristems of actively growing corn 
plants; it can be assumed that the appar- 
ent concentration in A. ischaemum is in 
part an actual concentration in the 
meristematic region. 

The relationships of nitrogen content, 
total phosphorus content, and P* ab- 
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sorption are presented in figure 2. There 
is obviously a definite relationship be- 
tween total phosphorus and the absorp- 
tion of P*. The graphs fail to reveal any 
direct relationship between the level of 


Fic. 1.—Radioautograph of plant of Andropogon 
ischaemum showing distribution of P3? after 4-hour 
absorption period. 


phosphorus nutrition and the nitrogen 
content of the plants. 


Discussion 


Growth of all four species of grasses, as 
measured by dry weight, increased with 
the continued addition of phosphorus to 
the medium. It is significant, however, 
that, in general, plants fed phosphorus 
for 3 or 4 weeks made as much or nearly 
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as much growth as those fed phosphorus 
for longer periods. This fact emphasizes a 
difficulty in attempting to determine the 
phosphorus needs of plants by ‘foliar 
diagnosis.”’ 

In discussing the quantitative mineral- 
nutrient requirements of plants, Macy 
(11) proposed a theory of the relation- 
ship between the sufficiency of a nutrient 
and its percentage content in the plant. 
He stated :‘‘ The central concept is a criti- 
cal percentage of each nutrient in each 
kind of plant, above which there is a 
luxury consumption, and below which 
there is poverty adjustment, which is al- 
most proportional to the deficiency until 
a minimum percentage is reached.” The 
results of the present work support 
Macy’s hypothesis. 

No marked decrease in the ratio of 
shoot weight to root weight was noted. 
This would seem to suggest that the 
growth of roots was not particularly 
stimulated by the continued availability 
of phosphorus. TURNER (15) has sug- 
gested that higher phosphate concentra- 
tions tend to favor root growth, while 
SOMMER (14) failed to find such an effect. 
It is to be supposed, however, that dif- 
ferences in experimental methods and 
differences among species would result in 
diverse findings with respect to such a 
consideration. 

An inverse relationship between phos- 
phorus and nitrogen absorption has been 
reported by various workers (4, 8, 9, 12) 
working with tomato plants in water cul- 
tures. ARNON and HoaGLanp (1), how- 
ever, failed to note any change in nitro- 
gen percentage of tomato leaves or fruit 
with the change in phosphorus supply in 
the medium. They attributed this lack of 
change to the fact that the medium con- 
tained a liberal supply of nitrogen. The 
results obtained in the present experi- 
ments also fail to reveal an appreciable’ 
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change in nitrogen percentage with the 
change in phosphorus supply and may 
likely be explained on the same basis as 
the results of ARNON and HOAGLAND (1). 
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phorus-deficient and the control plants, 
me ams 
respectively, 3.8 and 7.8% in a 4-hour 
migration period; for an 8-hour migra- 
tion the comparable figures were 11.1 
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Fic. 2.—Histograms showing Kjeldahl nitrogen on a percentage dry-weight basis, total phosphorus on 
a y/mg of dry-weight basis, and the amount of P3? absorbed in terms of counts per minute per 20 mg. of 
dry weight in shoots of Andropogon ischaemum, Bouteloua curtipendula, Eragrostis trichodes, Sorghastrum 
nutans. The letters A, B, C, D, E, and N refer to various treatments 


BIDDULPH (2), in studying the various 
factors affecting the migration of in- 
jected P* in bean plants, reported that 
phosphorus deficiency retarded the mi- 
gration. When phosphorus was omitted 
from the nutrient solution during a 2- 
week period preceding the experiment, 
the injected P* migrated in the phos- 


and 16.3%. BippuLpH therefore sug- 
gested that, among other possible factors 
such as transpiration and sugar metabo- 
lism, the phosphorus content of the tis- 
sue might exert a controlling influence on 
the migration. The present investigation 
clearly demonstrates the dependence of 
P*? absorption on the phosphorus con- 





220 BOTANICAL GAZETTE 


tent of the tissue. On a per-plant basis, in 
all four species, plants which were sup- 
plied with phosphorus for 7 weeks ab- 
sorbed from seven to ten times as much 
P* as plants which were supplied with 
phosphorus for only 2 weeks (table 2). 
The fact that the figures for counts of 
P#/P (table 3) do fluctuate within each 
species seems to suggest, however, that 
the phosphorus content of the tissues was 
not the only factor determining the up- 
take and migration. Part of the differ- 
ence can be explained as being related to 
the larger size of the plants fed for the 
longer periods. There are presumably 
still other factors involved. 

BREON ef al. (3) reported that phos- 
phorus-deficient tomato plants absorbed 
P at a higher rate than control plants 
fed adequate amounts of phosphorus. 
The findings in the present experiment 
differ greatly from their results. No ex- 
planation of the differences between the 
work of these investigators and ours is at 
hand, but the conditions of this experi- 
ment were quite different, and it can be 
assumed that grass plants may not neces- 
sarily react in the same manner as do 
tomato plants. 


Summary 


1. Plants of four species of grass, 
Andropogon ischaemum, the King Ranch 
bluestem strain; Bouteloua curtipendula, 
side-oats grama; Eragrostis trichodes, 
sand lovegrass; and Sorghastrum nutans, 
Indian grass, were grown from seed in 
sand culture and provided with available 
phosphorus over periods varying from 2 
to 7 weeks. Sample plants were then fed 
P* by the root-absorption method. Sub- 
sequently each sample was analyzed for 
Kjeldahl nitrogen, total phosphorus, and 
total radiophosphorus. 

2. In all four species plants fed phos- 
phorus for only 2 weeks made significant- 
ly less growth than those fed for longer 
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periods. Because of the variations in- 
volved and the fact that all four species 
are perennials, no conclusions can be 
drawn concerning the relationship be- 
tween later phosphorus absorption and 
total growth. In general, plants fed phos- 
phorus for periods of from 3 to 7 weeks 
did not make much greater growth than 
those fed phosphorus for only 2 weeks. 
In every case, however, the absorption of 
phosphorus continued throughout the 
experimental period. 


3. There were distinct differences 
among the species in the amount of phos- 
phorus accumulated on a dry-weight 
basis. The amount of P* absorbed ap- 
peared to be conditioned by the amount 
of phosphorus already in the tissues, 
those plants containing the greatest 
amount of phosphorus absorbing the 
greatest amounts of P%*. These plants 
were also the largest. 


4. The inverse relationship reported 
by others between phosphorus and nitro- 
gen absorption does not find support in 
the data reported here. This may be a 
result of the fact that the nitrogen supply 
was purposely maintained at a fairly 
high level throughout the experiment. 
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COTTON-LEAF MALFORMATIONS INDUCED BY 
ORGANIC PHOSPHATE INSECTICIDES’ 


WAYNE J. McILRATH 


Introduction 


During the spring of 1949 leaf abnor- 
malities similar to those resulting from 
application of 2,4-dichlorophenoxyacetic 
acid (2,4-D) were pointed out to the 
author on cotton plants which had been 
treated with a hexaethyl tetraphosphate 
insecticide formulation. Although Z1m- 
MERMAN and HarTZELL (9) reported that 
when hexaethyl tetraphosphate and tet- 


t Published with the approval of the Director of 
the Texas Agricultural Experiment Station as 
Technical Article no. 1356. 


raethyl pyrophosphate were applied to 
numerous plant species no hormone-like 
responses were observed, other workers 
(1, 6, 7) have reported such responses 
after prolonged application of these ma- 
terials. It was uncertain in this case, 
therefore, whether the responses were 
due to the insecticide or to 2,4-D-con- 
taminated spray equipment. To check 
this, greenhouse-grown cotton plants 
were treated with a single application of 
a wide range of aqueous dilutions of this 
insecticide. At certain dilutions it was 
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found that the formative effects again 
appeared. This investigation was there- 
fore undertaken to determine the effects 
of various dilutions of several commercial 
formulations of three organic phosphate 
insecticides: namely, hexaethyl tetra- 
phosphate (HETP), tetraethyl pyro- 
phosphate (TEPP) and O,O-diethyl O-p- 
nitrophenyl thiophosphate (parathion). 
Thirty-day-old Stoneville 2B cotton was 
utilized as the test plant throughout the 
investigation. 


Experimentation 

HETP anv TEPP.—With single ap- 
plications of the HETP and TEPP for- 
mulations the plant response varied with 
the concentration from no noticeable ef- 
fect to complete killing. As a general rule, 
aqueous-solution concentrations in ex- 
cess of fifty times that recommended for 
insecticidal application resulted in ex- 
treme burning of the foliage and/or 
death of the plant; concentrations ap- 
proximately fifteen to thirty times that 
recommended caused slight foliage burn- 
ing and malformation of subsequently 
developed leaves; and up to ten times the 
recommended level, no visible effects. At 
the dilutions which caused extreme burn- 
ing of the foliage no formative effects 
were ever observed to result. In the range 
causing formative effects, both HETP 
and TEPP induced leaf malformations 
very similar to that resulting from 2,4-D 
(fig. 1). SmirH (5) has stated that new 
growth of tomato plants following HETP 
spray also exhibited 2,4-D—like injury. 
HALL (4) reported a similar response for 
tomato, sunflower, and carnation plants 
and indicated that these species are very 
sensitive to these substances, lethal ef- 
fects being obtained at much lower dilu- 
tions than those indicated above. 

The severity of malformation of indi- 
vidual leaves produced subsequent to 
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treatment followed a pattern very similar 
to that noted when cotton was treated 
with small quantities of 2,4-D (unpub- 
lished data) or that indicated for Red 
Kidney bean by Watson (8). With cer- 
tain dilutions of HETP it was observed 
that malformed leaves were present at as 
many as ten nodes. It was also found that 
leaves at as many as four of these nodes 
were malformed as severely as illustrated 
in figure 1. Such severity of malforma- 
tion was not observed following any of 
the applications of TEPP. 

When equivalent dilutions (based on 
active insecticidal ingredient) of the 
HETP and TEPP formulations were ap- 
plied, the HETP caused more severe leaf 
malformations. The reason for this is un- 
known, although several possibilities 
seem to exist. Since it has been demon- 
strated that the HETP in insecticidal 
formulations is probably not a definite 
compound but rather a mixture of esters 
containing ethyl metaphosphate, triethyl 
orthophosphate, tetraethyl pyrophos- 
phate, and possibly pentaethyl triphos- 
phate (3), the additive effect of several 
organic phosphates may account for the 
greater degree of malformation resulting 
from this material. Although it has been 
shown that triethyl orthophosphate and 
ethyl metaphosphate as well as mono- 
ethyl and diethyl orthophosphate (hy- 
drolytic products of HETP) are relative- 
ly nontoxic to insects (3), the possibility 
that they are active in inducing plant 
malformations cannot be excluded with- 
out further experimentation. In this in- 
vestigation it was observed that no form- 
ative effects resulted from applications 
of aqueous sprays of triethyl phosphate. 
It was also found, however, that when 
TEPP (98.1% purity) was applied to 
plants in quantities several times that 
present in the HETP dilutions, the re- 
sultant malformations were much less 

















Fic. 1.—Cotton leaves. A, normal leaf from untreated plant; B, from plant treated with 2,4-D; C, from 
plant treated during the winter months with formulation of hexaethyl tetraphosphate, thirty times the 
recommended insecticidal dosage; D, from plant treated with parathion, three times the recommended 
dosage. 
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severe than when the HETP formula- 
tion was used. Another possibility which 
may account for the more severe effects 
induced by the HETP is the presence of 
some undetermined substance in this 
material, not present in TEPP formula- 
tions, which facilitates formative action 
of the organic phosphates. 

It was observed during the course of 
this investigation that the season of the 
year at which the plants were treated 
played an important role in the severity 
of the injury. The most severe leaf mal- 
formations appeared during the winter 
months when the plants were growing 
under relatively low light intensities and 
temperatures (fig. 1). This observation is 
in agreement with that made by other 
workers (1, 2, 5, 6, '7). The importance of 
the light-intensity factor was demon- 
strated by treating plants grown during 
the summer months (temperatures of 
75°-98° F.) under high and low light in- 
tensities with HETP. The leaf malforma- 
tions exhibited by plants grown under 
low light intensity were much more se- 
vere than those shown by plants grown 
under high light intensity and were as 
severe as the malformations exhibited by 
plants grown in the greenhouse during 
the winter months (fig. 1). To check the 
influence of temperature, summer-grown 
greenhouse plants were segregated into 
two temperature treatments at the time 
of spray applications: namely, 80°—105° 
F. and 60°-80° F. This latter tempera- 
ture range closely approximated that 
present in the greenhouse during the win- 
ter months. Plants at the lower tempera- 
tures exhibited malformations which 
were more severe than those at the high- 
er. It is possible that this difference may 
be accounted for by the more rapid hy- 
drolysis of the active organic phosphates 
at the higher temperature (3), with their 
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period of activity thus being shorter. The 
relative importance of light intensity and 
temperature varied somewhat with the 
formulation. 

It was determined that the severe foli- 
age burning resulting from applications 
of the TEPP formulations was due not 
primarily to this compound but rather to 
the other organic phosphates present. 
Triethyl phosphate was very active in in- 
ducing such foliage burning at high tem- 
peratures (80°—-100° F.) and to a lesser 
extent at lower temperatures (60° 
80° F.). 

PARATHION.—The application of para- 
thion to plants in high dosages resulted in 
a different type of leaf response from that 
induced by HETP and TEPP. With this 
material leaves developed subsequent to 
treatment tended to be abnormal only in 
being many-lobed rather than having the 
usual number of three to five lobes (fig. 
1). Plants which exhibited severe foliage 
burning owing to parathion treatment 
did not show this increased leaf lobing in 
the new growth. The increased lobing 
was induced by parathion in an aerosol 
with a concentration as low as three 
times the recommended insecticidal dos- 
age. The severity of this abnormality did 
not seem to vary with season. 


Summary 


1. This investigation dealt with the 
leaf responses of 30-day-old Stoneville 
2B cotton plants to various concen- 
trations of hexaethyl tetraphosphate 
(HETP), tetraethyl pyrophosphate 


(TEPP), and O,O-diethyl O-p-nitro- 
phenyl thiophosphate (parathion). 

2. Application of commercial formula- 
tions of HETP and TEPP in concentra- 
tions of fifteen to thirty times the recom- 
mended insecticidal dosage resulted in 
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malformation of leaves subsequently pro- 
duced. The malformation closely re- 
sembled that induced by 2,4-D. 

3. HETP was more effective in induc- 
ing such leaf malformations than was 
TEPP. 

4. Plants grown during the winter 
months exhibited more severe leaf mal- 
formation than those grown in the other 
seasons. The factors of light intensity 
and temperature are discussed in this re- 
gard. 

5. Parathion applications resulted in 
the production of leaves which were 


many-lobed as contrasted to the three to 
five lobes of normal leaves. 
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EFFECT OF COCONUT MILK 


LOUIS G. 


Introduction 

During the past decade many workers 
have found that coconut milk (the fluid 
endosperm from Cocos nucifera) stimu- 
lates the growth in vitro of various plant 
materials, including embryos of the Jim- 
son weed (Datura) (13, 14) and normal 
tissues from carrot (Daucus carota) (4), 
Jerusalem artichoke (Helianthus tubero- 
sus) (5), Boston ivy (Parthenocissus tri- 
cuspidata) (6), nasturtium (Tropaeolum 


ON THE GROWTH IN VITRO 


OF PLANT VIRUS TUMOR TISSUE 


NICKELL 

majus) (1), and white lupine (Lupinus 
albus) (1). Recently, DuHAMET found 
that coconut milk stimulates the growth 
in vitro of crown-gall tissue from black 
salsify (Scorzonera hispanica) (7). He 
stated that this is the first example of a 
substance capable of stimulating the 
proliferation of a tumorous tissue, since 
indoleacetic acid does not stimulate the 
growth of this crown-gall material (8, 9). 
In view of this recent report, it was 
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thought desirable to present data con- 
cerning the effect of coconut milk on the 
growth in vitro of virus tumor tissue from 
sorrel (Rumex acetosa L.). 


Material and methods 


The tissue used was the original R, 
strain isolated by BLAck (2), and the 


TABLE 1 
GROWTH RESPONSES OF VIRUS TUMOR TISSUE 
FROM ‘‘RUMEX ACETOSA” ON BASAL MEDIUM 
(NO. 24) “IN VITRO” TO ADDITION OF AUTO- 
CLAVED AND UNAUTOCLAVED (FILTERED) CO- 
CONUT MILK AND TO PURE COCONUT MILK 


RELATIVE 
: AMOUNT, COLOR* " 
SUBSTANCE GROWTH 
ML/ML 
ADDED V ALUET 
MEDIUM | 
Green} Brown 
Control (no. 24). outs 5 ° 5-3 
| 
| 4 | 0 5.6 
Coconut milk (un-| jo. 2 5 | 0 6.8 
autoclaved) 0.3 5 | o 6.8 
] 
Pure es 8.4 
(o. I 6 | o 8.6 
Coconut milk (au-| )0.2 6 | © 9.6 
toclaved | Jo. 6 ° 11.1 
| | 
| (Pure 6 | o 


| 9-4 


* For a discussion of relative color see BURKHOLDER and 
NICKELL (3). 


+ Growth value is a figure obtained by dividing the final wet 
weight by the weight of the original inoculum. 


cultural conditions were the same as 
those maintained in previous studies 
with this material (3). The basal medium 
was no. 24 of NICKELL and BURKHOLDER 
(3, 11) on which all stock cultures have 
been grown for the last 3 years. 

The coconut milk was obtained from 
young, immature coconuts in the “jelly” 
stage, i.e., with the copra still in a gelat- 
inous state just within the shell (15). 
The nuts were collected in southern Flor- 
ida and generously supplied by Dr. 
V. M. Cutter. The milk was added to 
the basal medium both autoclaved and 
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unautoclaved (Seitz sterile-filtered) at 
the different levels shown in table 1 and 
was also used as pure coconut milk with 
1% Difco Noble agar added. 

All experiments were run in replicates 
of five and an average taken. The dura- 
tion of the growth period was 3 weeks. 


Results 


Coconut milk is stimulatory to the 
growth of the virus tumor tissue in all 
concentrations added (table 1). Auto- 
claved milk is much more stimulatory 
than the milk which has been sterile-fil- 
tered, and pure milk (with 1% agar) will 
itself support better growth than that on 
the basal medium. This last fact indi- 
cates that coconut milk is capable of sup- 
porting excellent growth of the virus tu- 
mor tissue. Evidently it has all the mate- 
rials necessary for the growth of this tis- 
sue, since stock cultures have been main- 
tained to date for over 6 months on pure 
coconut milk with 1% agar. These mate- 
rials, however, are not in the proper rela- 
tive proportions as is shown by the fact 
that, with the addition of a small amount 
of medium no. 24, growth is increased. It 
is probable that some materials such as 
phosphate and nitrate are inadequate (3, 
15) and become limiting after a short 
period of growth. 


Discussion 


VAN OVERBEEK has shown that in- 
doleacetic acid is present in coconut milk 
and that more is extractable after auto- 
claving than before autoclaving (12). It 
has been shown that indoleacetic acid 
will stimulate the growth of the virus 
tumor tissue (10). However, the maxi- 
mum stimulation caused by indoleacetic 
acid is about 20%, whereas the maximum 
stimulation caused by the addition of 
coconut milk is over 100% (table 1). The 
presence of indoleacetic acid in coconut 
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milk, therefore, does not explain the 
stimulation of virus tumor growth by this 
substance. This is the same conclusion 
reached by CAPLIN and STEWARD (4) in 
their work with carrot tissue. They found 
that the stimulation caused by the addi- 
tion of coconut milk to the basal medium 
was of a different order of magnitude 
from that caused by the addition of in- 
doleacetic acid. Starting with 4-mg. ex- 
plants from carrot phloem tissue, they 
found that in 21 days indoleacetic acid 
caused a mean increase to 8.2 mg. but 
that coconut milk caused a mean increase 
to 184.0 mg. 

On two points, however, the results 
with virus tumor tissue differ from those 
with carrot tissue. Explants of carrot 
were unable to survive when grown solely 
on coconut milk, whereas the growth of 
the virus tumor is excellent on this sub- 
strate. Carrot tissues reached their op- 
timum growth when 15-20% coconut 
milk was present, in addition to the 
otherwise complete nutrient medium. A 
marked limitation in growth resulted 
from an increase in the concentration of 
the coconut milk over the optimum. In 
the case of the virus tumor tissue, the 
peak of the stimulation caused by the 
addition of coconut milk to the basal me- 
dium has not been reached in these ex- 
periments. The best growth was at 30% 
of coconut milk by volume, the highest 
concentration so far tested. 

As a result of his work with Datura 


embryos, VAN OVERBEEK concluded that 
coconut milk contains three factors 
which influence growth, one of which is 
thermolabile, two thermostable. The re- 
sults presented here with the virus tu- 
mor tissue suggest the possibility of at 
least two factors being involved, a ther- 
molabile factor which is inhibitory to 
growth and a thermostable factor which 
is stimulatory. 


Summary 


1. The addition of coconut milk to a 
basal medium capable of supporting good 
growth of virus tumor tissue from Rumex 
acetosa results in a pronounced stimula- 
tion of growth, which is not due to 
indoleacetic acid. 

2. Pure coconut milk is capable of sup- 
porting excellent growth of the virus tu- 
mor tissue. The carrot explants of Cap- 
LIN and STEWARD will not grow on co- 
conut milk alone. The other tissues dis- 
cussed have not been tested on this sub- 
strate alone. 

3. Autoclaved milk is much more stim- 
ulatory than sterile-filtered milk for the 
growth of virus tumor tissue. This sug- 
gests that there is a heat-labile factor (or 
factors) in the milk inhibitory to the 
growth of this tissue which partially ne- 
gates the effect of the stimulatory sub- 
stance. The stimulatory substance (or 
substances) is apparently heat-stable. 
BROOKLYN Botanic GARDEN 

BROOKLYN 25, NEW YORK 
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CAROTENOIDS OF THE MUSHROOM CANTHARELLUS CINNABARINUS 


FRANCIS HAXO 


Introduction 


Coloration attributable to carotenoid 
pigments has been reported in a wide 
variety of fungi (for a recent compilation 
refer to [3]), yet in only a few instances 
have the pigments been extracted and 
subjected to chromatographic analysis. 
Among the basidiomycetes the most 
thorough investigation to date is that 
carried out by WILLSTAEDT (6) on three 
species of Cantharellus. The pigment mix- 
ture from C. cibarius was found to con- 
sist mainly of beta-carotene; also present 
were lycopene, alpha-carotene, and two 
other carotenes, probably the delta and 
gamma isomers. C. lutescens and C. in- 
fundibiliformis contained, as the major 
component, an unknown carotenoid—its 
absorption spectrum is similar to flavo- 
rhodin and certain other yellow pigments 
—along with appreciable amounts of 
lycopene and possibly gamma-carotene. 

In the present study the coloring mat- 
ter of a fourth species, C. cinnabarinus 
(‘‘cinnabar chantarelle’’), has been inves- 
tigated. The fruiting bodies of this small 
edible fungus vary in color from pink to 


red-orange, with the inner portions of the 
flesh usually being somewhat lighter in 
color than the outer. As described below 
the pigment extract was found to contain 
a mixture of at least five carotenoid pig- 
ments, only one of which, beta-carotene, 
appears to be present in the species inves- 
tigated by WILLSTAEDT. The major com- 
ponent is apparently a new xanthophyll. 
The minor pigments, other than beta- 
carotene, have not been identified, but it 
is probable that some or all of these rep- 
resent new or little-known carotenoids. 
The extracts also contain small amounts 
of phytofluene (8, 9), thus extending to 
the basidiomycetes the occurrence of this 
colorless C,.-polyene. Among the fungi 
phytofluene has previously been ob- 
served in Rhodotorula rubra (1) and 
Neurospora crassa (7). 


Experimentation 
CHROMATOGRAPHIC SEPARATION 
The starting material consisted of 75 
gm. of fresh, whole mushrooms collected 


in the Baltimore area. They were de- 
hydrated with acetone, pulverized in a 
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mortar, and extracted repeatedly with 
acetone until the residue was almost 
colorless. The pigment from the com- 
bined extracts was transferred to pe- 
troleum ether (b.p. 30°-60° C.), concen- 
trated to a solid residue, and dissolved in 
benzene. After saponification with meth- 
anolic KOH (10%), the benzene solu- 
tion was washed free of alkali, dried with 
anhydrous sodium sulfate, and diluted 
with an equal amount of petroleum ether. 
The deeply colored pigment solution was 
adsorbed on a MgO column (Merck, 


TABLE 1 


Width 
(mm.) Appearance Designation 
rar Yellow-orange I 
ee Colorless 
eens Pink II 
ee Colorless 
, Ill 
eee Colorless 
37...... Deep red LV 
Oca: Pale orange (diffuse) V 
7...... Colorless 
ee Pink VI 
a Colorless 
ee Orange-yellow VII 
10...... Fluorescent under ultraviolet VIII 


heavy powder, mixed with equal parts by 
volume of Celite) and developed with a 
mixture of petroleum ether and benzene 
(1:1) containing 1% acetone. The devel- 
oped column showed the zones given in 
table 1 (the figures to the left denote the 
width of the respective zones on a col- 
umn 45 X 225 mm.). The lower two 
zones overlapped, and these were col- 
lected in the filtrate, whereas the colored 
zones remaining on the column were 
eluted individually with a mixture of 
ethanol in petroleum ether-benzene. 
Those fractions to be studied further 
were purified by readsorption on small 
columns. 


THE MAJOR PIGMENT—CANTHAXANTHIN 


Most of the pigment was contained in 
Zone IV: subsequent chromatograms ef- 


fected its separation from small amounts 
of a more weakly adsorbed orange-yellow 
zone, presumably an isomer of the major 
pigment. The isomer may be represented 
in the initial chromatogram by Zone V; 
however, the latter yielded only a very 
smal] amount of pigment, and this was 
discarded without further study. The 
major pigment was crystallized from a 
minimal volume of benzene by the slow 
addition, to excess, of methanol and by 
storage overnight in the cold. The yield 
of dried crystals was 0.9 mg., a lesser 
amount was recovered by recrystalliza- 
tion from the mother liquor. Microscopi- 
cally the color of the individual crystals 
was a rather pale, reddish-brown. They 
were small, variable in size, and, for the 
most part, in the form of thin, elongated, 
rectangular plates (m.p. 218° [cor., sealed 
tube, filled with CO,]). The preparation 
contained small amounts of colorless im- 
purities. 

At room temperature the dried crys- 
tals were essentially insoluble in metha- 
nol and ethanol, sparingly soluble in pe- 
troleum ether (b.p. 30°-60°C.) and 
hexane, more soluble in acetone, and still 
more soluble in benzene and carbon di- 
sulfide. When petroleum ether solutions 
were partitioned over aqueous methanol, 
the following distribution was noted: 
with 85% methanol, a trace of the pig- 
ment in the hypophase; with 90% meth- 
anol, less than half of pigment in hypo- 
phase; with 95% methanol, somewhat 
more than half of pigment in hypophase. 
The partition behavior was the same 
when either alkaline or acidic methanol 
was used. Petroleum ether solutions of 
the pigment gave a blue coloration with 
H,SO, but not with H,PO, or HCI (over- 
night treatment). These observations 
and adsorption behavior suggest that 
the pigment is one of the nonacidic, oxy- 
gen-containing (probably non-hydroxy) 
carotenoids. The name “canthaxanthin” 
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is proposed for this new xanthophyll in 
accordance with recent suggestions on 
nomenclature (2). 

In all solvents tested the pigment 
showed a single broad absorption maxi- 
mum in the visible spectrum centered at 
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WAVELENGTH IN MUL 


Pic. zr; 
hexane: 


Extinction curves of canthaxanthin in 

, fresh solution of all-trans 
compound: 5-2 , mixture of stereoiso- 
mers after iodine catalysis in light. 


500 my in carbon disulfide, at 482 mu in 
benzene, at 462 my in petroleum ether 
(30°-60° C.), and at 466 my in hexane. 
(A Beckman spectrophotometer was em- 
ployed in all spectral determinations.) 
After iodine catalysis of the hexane solu- 
tion in the light, the peak shifted to 461— 
462 muy, and a “‘cis-peak” appeared at 
360 mu. Extinction curves in hexane of 
the all-trans pigment and the isomeriza- 
tion mixture are presented in figure 1. 
For this determination a portion of the 
crystals was shaken in acetone, and the 
dissolved pigment quickly transferred to 
hexane by dilution with water. The 
hexane solution was washed free of 
acetone and filtered over anhydrous 
Na,SQ,. 
MINOR PIGMENTS 


Studies of the minor pigments were 
necessarily limited by the small quanti- 
ties available, and none of these was ob- 
tained in crystalline form. The strongly 
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adsorbed pigment of Zone I was dis- 
carded, it may merely represent altered 
pigment. The pigment from Zone II, 
when readsorbed on Ca(OH)., gave a 
complex chromatogram including six nar- 
row, colored zones, which were discarded. 
From a diffuse pink zone situated be- 
low these closely packed zones was ob- 
tained a small amount of an all-trans pig- 
ment whose absorption spectrum was in- 
distinguishable from that of canthaxan- 
thin. When partitioned over 95% metha- 
nol, more than half of the pigment was in 
the hypophase; the pigment was pre- 
dominantly epiphasic to 90% methanol. 
This pigment was not studied further. 

The carotenoids obtained from Zone 
III and Zone VI were completely epi- 
phasic to 85 and 90% methanol, and al- 
most so to 95% methanol. Both pigments 
yielded a blue color when treated with 
H,SO, but not with H,PO,. An extinc- 


EXTINCTION 





WAVELENGTH IN MUL 


Fic. 2.—Extinction curves of two unidentified 
minor pigments in hexane: —--—-~—.-, pigment 
1: ee PIN VS ao eres 
pigment VI after addition of iodine. 


tion curve of the deep red pigment from 
Zone IIT is given in figure 2. The maxima 
and minima were at 520, 512, 490, 462 
(inflection), 405, 384 my. With the addi- 
tion of iodine the principal maximum at 
490 my shifted to 487 mu, and the first 
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maximum was replaced by an inflection 
at 517 mu. In its spectral properties this 
pigment is somewhat similar to a red pig- 
ment isolated from purple bacteria (5); 
however, its identity has not been estab- 
lished. 

Absorption curves of the pigment from 
Zone VI are characterized by their ab- 
sence of fine structure, with a single 
broad absorption peak in the visible spec- 
trum located at 494 my in carbon di- 
sulfide, 455 my in petroleum ether (b.p. 
30°-60°C.), and 457 mu in hexane (fig. 2). 
Isomerized hexane solutions show an ab- 
sorption maximum at 454 my and a cis- 
peak at 350 mu. The pigment resembles 
LEDERER’s glycymerin (4) in its absorp- 
tion spectrum but apparently differs in 
solubility. 

The minor pigment contained in Zone 
VII displayed the beta-carotene spec- 
trum, with maxima and minima in 
hexane as follows: 476, 468, 450, 426 (in- 
flection) my (with iodine, 473, 466, 448, 
425 [inflection] my). Its identity was con- 
firmed by a mixed chromatogram with 
authentic beta-carotene. 

The colorless fluorescent compound 
contained in Zone VIII is apparently 
phytofluene (8, 9), although with the 
small amount of substance available it 
could not be freed of colorless impurities 
and identified with certainty. The posi- 
tion of the maxima and minima (366.5, 
357, 347, 337, 329 Mp in petroleum ether) 
and the shape of the absorption spectrum 
are in agreement with impure prepara- 


tions of phytofluene isolated from Neuro- 
Spora. 

The adsorption position of the C. cin- 
nabarinus pigments relative to some 
known carotenes is given below, the pig- 
ments being designated according to their 
location in the zones of the initial chroma- 
togram. For the mixed chromatograms 
the MgO-Celite mixture was employed as 
adsorbent and various concentrations of 
acetone in petroleum ether-benzene (1:1) 
as developer. Two per cent acetone was 
used to separate gamma-carotene and 
pigment VI, 5% acetone for pigment IV 
and lycopene, and 10%-30% to separate 
lycopene and pigment III. 

pigment IT 

pigment ITI 

lycopene 

pigment IV (canthaxanthin) 
gamma-carotene 

pigment VI 

beta-carotene 


Summary 
The edible mushroom Cantharellus 
cinnabarinus contains a complicated mix- 
ture of carotenoid pigments. The major 
component was isolated in crystalline 
form and named canthaxanthin. The 
only minor pigment identified with cer- 
tainty was beta-carotene; three others 
have been characterized as to absorption 
spectra and partition behavior. A fluo- 
rescent substance, probably phytofluene, 
is present in the pigment extracts. 
DEPARTMENT OF BIOLOGY 
Jouns Hopkins UNIVERSITY 
BALTIMORE, MARYLAND 
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CHROMOSOMAL ABERRATIONS IN ONION ROOTS FROM PLANTS 
GROWN IN AN ATMOSPHERE CONTAINING C0; 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 619 


J. M. BEAL AND N. J. SCULLY 


Introduction 


Several reports dealing with the effect 
of radioactive isotopes have appeared 
during the last 2 or 3 years. From these 
acounts it appears that perhaps any 
radioactive isotope that enters the plant 
may produce certain cytological aberra- 
tions. Chromosome fragments, chromo- 
some bridges, and fragments at anaphase 
and chains of three or more chromosomes 
were observed in microsporocytes of 
Tradescantia when the plants were sup- 
plied with phosphorus 32 (1, 2, 4). Car- 
bon 14 supplied to Tradescantia as 
(NH,),C™4O, at different dilutions or dif- 
fering activities induced chromatid and 
isochromatid breaks, chromatid ex- 
changes, and chromatid deletions and ex- 
changes in microspore nuclei (5). These 
induced changes appear to be similar in 
all essential respects and also to those in- 
duced by X-rays and slow neutrons (6). 

During the last 2 years, in a co-opera- 
tive project with Dr. E. M. K. GEILinc 
and his associates, the senior author (3) 
has been investigating some of the his- 
tological effects of carbon 14 on the 
leaves of certain drug plants. More re- 
cently the junior author has grown car- 


* This work was supported in part by grants from 
the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago and the Atomic 
Energy Commission. 


bon 14 plants from sets of the Ebenezer 
variety of onion in the special chamber at 
the Argonne National Laboratory; the 
root tips used in the present study were 
obtained from these plants. 


Experimentation and observations 


The Argonne nutriculture plant growth 
chamber has been designed especially for 
growing higher plants in a controlled en- 
vironment in which carbon 14 can be 
supplied in gaseous form in the atmos- 
phere and as ions in the nutrient solu- 
tion. A temperature of 72° + 2° F. anda 
relative humidity of 55% + 2% were 
maintained throughout the course of the 
experiment. 

The onion sets, }—? inch in diameter, 
were planted in sand in the chamber on 
October 11, 1949, and grown with the 
nutriculture method but with the normal 
greenhouse atmosphere until October 20, 
1949. On this date the chamber was her- 
metically sealed, and C'4O, was intro- 
duced into the atmosphere of the cham- 
ber. Additional quantities of C'4O, and 
C”’O, were introduced when required. 
The concentration of total carbon diox- 
ide was allowed to vary from 0.03% to 
0.1%. Within the hermetically sealed 
system the complete nutrient solution was 
pumped three times each day up into the 
gravel substrate. Unquestionably, some 
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of the radiocarbon fixed by the plants 
was absorbed from the nutrient solution 
by the roots. The photoperiod was ex- 
tended to 16 hours, by means of incan- 
descent lights, from November 15, 1949, 
until termination of the growth period 
of the experiment on January 31, 1950. 
Controls of the same variety were grown 
in the greenhouse near the chamber un- 
der conditions of temperature, light, hu- 
midity, and nutrition as similar as pos- 
sible to those prevailing in the chamber. 

Root tips were collected at three differ- 
ent times, fixed in Navashin’s solution, 
imbedded according to the tertiary bu- 
tyl-alcohol method, sectioned at Io yp, 
and stained chiefly in Haidenhain’s 
hematoxylin. 

The first roots were collected on No- 
vember 30, 1949, when the chamber was 
opened, two plants removed, their root 
tips collected and fixed, and the plants 
then dried at 80° C. At this time it was 
noted that the old leaf bases that had 
comprised the original sets were shriveled 
and that the oldest of the green leaves 
which had developed during the period of 
growth in the chamber were just starting 
to swell at their bases, indicative of the 
onset of bulbing. The number and the 
size of roots developed on these plants 
were approximately the same as on cor- 
responding control plants. 

The dried plant material was ground to 
4o-mesh size and assayed for radioactivi- 
ty with a thin-mica Geiger counter. The 
absolute activity (activity per gram dry 
weight as distinguished from “specific 
activity” which measures activity per 
gram of carbon) of this material was 44 
uc /gm. 

A second collection was made on De- 
cember 13, 1949, when two more plants 
that showed the most advanced stage of 
bulbing were removed from the chamber. 
Most of the leaves on these two plants 


had died back, but evidences of bulbing 
were apparent nevertheless. The plants 
were air-dried for a period of 4 days, their 
dried leaves cut away, and the bulbs then 
stored at 40° F. until February 1, 1950. 
On removal from storage the bases of the 
bulbs were placed in water to permit root 
development. Although the bulbs were 
firm and normal in appearance, no roots 
emerged until March to, when a single 
one appeared. This root, however, ceased 
elongation when it had reached a length 
of 1 mm. Additional roots began emerg- 
ing on March 30 so that a total of five 
tips were obtained between April 5 and 
10. On April 12 both bulbs were placed in 
sand and supplied with a complete nutri- 
ent solution. One of the plants soon died, 
but the other one grew slowly and on 
May 15 had produced a total of six 
leaves. One of them showed a band of 
chlorophyll-deficient tissue, 1-2 mm. in 
width, extending the full length of the 
leaf. No chlorophyll-deficient tissue was 
noted to occur in control material. 

The four remaining bulbs appeared 
mature and were removed from the 
chamber on January 31, 1950, when the 
growth phase of this part of the experi- 
ment was terminated. They were air- 
dried for 4 days and stored at 40° F. until 
April 5. Their bases were then immersed 
in water. Four days later two of the 
bulbs had decayed without forming a 
single root, but the two others produced 
a total of six roots by April 9. After these 
roots were collected and fixed, the surviv- 
ing bulbs were transferred to sand and 
maintained with a complete nutrient so- 
lution. Although both produced leaves 
and additional roots, they showed such 
marked symptoms of dying by May to 
that they were oven-dried, ground to 4o- 
mesh size, and then assayed for radioac- 
tivity. The absolute activity recorded 
was 46 wc/gm. 
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Root tips were collected from the con- 
trol plants on November 30, 1949, and 
handled in the same manner as those ob- 
tained from the experimental plants. 

All the root tips obtained from the 
plants supplied with C'4 have been sec- 
tioned, stained, and critically studied. 
In only three of the roots were mitotic 
figures observed. The remaining roots 
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showed aberrations of one kind or an- 
other which were most easily recognized 
at anaphases and telophases, since frag- 
ments, bridges, and micronuclei may be 
easily seen at these stages. Fragments, 
most commonly in pairs, were of fre- 
quent occurrence (figs. 2, 3), indicating a 
chromosome break to produce equal- 
sized fragments. In several instances, 





Fics. 1-6. Mitosis in onion root tips.—Fig. 1, mid-prophase and late anaphase stages from control with 
no signs of aberrations. Figs. 2-6, from roots of bulbs grown in atmosphere supplied with carbon 14. Fig. 2 
anaphase stage showing five fragments. Fig. 3, later anaphase stage showing pair of similar fragments. Fig. 4, 
anaphase stage showing three fragments. Fig. 5, late telophase with bridge nearly severed by developing 
cell plate. Fig. 6, upper cell with two micronuclei near large nucleus; lower cell with small fragment being 


pinched off. 


had made a limited amount of growth, 
and this apparently as a consequence of 
elongation of the cells in the embryonic 
roots present in the young bulbs instead 
of as a result of cell divisions. Although 
two of these roots showed evidences of 
lateral-root formation, neither dividing 
cells nor micronuclei were observed in 
them. 

Dividing nuclei were numerous in the 
three roots previously mentioned. In 
fact, they were approximately as fre- 


quent as in the controls. Many nuclei 


however, single fragments have been 
seen (fig. 4), thus indicating a chromatid 
break. ee have been seen occasion- 
ally in late anaphases and telophases (fig. 
5). Here the bridging chromosome has 
been pinched through by the developing 
cell plate. Micronuclei were also of rela- 
tively frequent occurrence (fig. 6). In 
contrast mitosis appeared to be normal in 
all the figures observed in the roots of 
controls, with neither fragments nor 
bridges occurring (fig. 1). 

These effects of assimilated C™! on 
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chromosomes in intact growing onion 
plants confirm results previously report- 
ed for this element under different experi- 
mental conditions as well as for other 
radioactive substances. Since the carbon 
14 becomes a part of the basic organic 
compounds, both in living and in non- 
living compounds, its effects should con- 
tinue indefinitely, and the cytogenetic 
consequences of the radioactivity should 
be cumulative; and although too heavy 
doses of carbon 14 might be lethal to the 
plant or markedly affect its growth and 
development, relatively light ones proba- 
bly would be much less harmful and re- 
sult in cytogenetic effects of interest and 
significance in producing biological vari- 
ations. Additional studies are under way, 
and further reports are planned. 


Summary 


1. Sets of the Ebenezer variety of 
onion grown in the special nutriculture 


chamber at the Argonne National Lab- 
oratory under controlled temperature 
and humidity conditions had their natu- 
ral atmospheric carbon dioxide supply 
supplemented by the addition of C*4O, so 
that the total concentration varied from 
0.03% to 0.1%. The photoperiod was ex- 
tended to 16 hours by means of incandes- 
cent lamps. 

2. One leaf from a plant of approxi- 
mately a dozen grown showed a chloro- 
phyll-deficient streak along its entire 
length. There were no chlorotic streaks 
in control plants. 

3. Roots from the carbon 14 plants 
showed both chromosome and chromatid 
breaks and fragments in dividing cells, 
bridging, and micronuclei. No aberran- 
cies were observed in dividing cells of 
control roots. 

UNIVERSITY OF CHICAGO 
AND 
ARGONNE NATIONAL LABORATORY 
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Embryology of Angiosperms. By P. MAHESHWARI. 
New York, Toronto, London: McGraw-Hill Book 
Co., 1950. Pp. x+451. $6.00. 


MAHESHWARI’s book is the only one in English 
on this subject to appear since CouLTER and CHAM- 
BERLAIN’s Morphology of Angiosperms, which dates 
from the first decade of this century. The amount of 
work done since that time, and even since the publi- 
cation in 1929 of SCHNARE’s Embryologie der Angio- 
spermen, more than justifies the appearance of a new 
book. MAHESHWARI’s competence in the field of 
angiosperm embryology has long been known in this 
country, particularly as a result of the appearance of 
many review articles in American journals. He is, 
then, an appropriate person to write such a text. 

The book deals with embryology in the broad 
sense of the term, covering microsporogenesis, devel- 
opment of the pollen grain and tube, megasporo- 
genesis, megagametogenesis, fertilization, endosperm 
development, and embryogeny. In addition, apo- 
mixis and polyembryony are considered, and the his- 
tory of the subject, the relation of embryology to 
taxonomy, experimental embryology, and theoreti- 
cal implications are briefly discussed. 

The presentation of the factual material is clear 
and well illustrated. MAHESHWARI makes no at- 
tempt to treat the material exhaustively, but his 
choice of representative species and of cited papers 
gives a satisfactory picture of the range of variation 
in developmental pattern that occurs and of the 
many workers throughout the world. The book will 
serve admirably to acquaint a student with the pat- 
terns of angiosperm reproductive development and 
to provide the research worker with a starting point 
in working out the range of variation that may occur 
in one area or in relating a particular sequence of 
development to the patterns that are known to oc- 
cur. 

To this reviewer the brief consideration of theo- 
retical problems and the relative lack of evaluation 
of contradictory interpretations are among the weak- 
est portions of the book. Also weak is the limitation 
of consideration of problems of experimental embry- 
ology to those few areas in which some work has been 
done without suggesting additional highly interest- 
ing but baffling problems which are waiting to be at- 
tacked by some ingenious individual: physiological 
problems such as the nutrition of the gametophytes 
and endosperm, the actual role of the endosperm and 
reasons for its failure in certain cases, the directive 
mechanism for pollen-tube growth, and the morpho- 
genetic problems involved in the development of the 
zygote and embryo, including the potentialities of 
various cells and the degree of predetermination of 


the ultimate fate of cells—comparable to work done 
in animal embryogeny. The problems in these areas 
are admittedly the knottiest confronting the worker 
in angiosperm embryology, and in many cases no 
satisfactory answer can be reached; but the prob- 
lems exist and should not be passed over too lightly. 
Technical terms are used throughout, in many cases 
without explanation, and, as there is no appended 
glossary, the student may be somewhat at a loss in 
certain instances to understand the material ade- 
quately. This seems a definite lack in a book evi- 
dently intended as a standard text. 

The book, then, though perhaps somewhat de- 
ficient on the interpretative side, is a very workman- 
like and satisfactory compilation of representative 
information concerning the embryology of the angio- 
sperms.—B. F. PALSER. 


Praktikum der Zell- und Gewebephysiologie der 
Pflanze. By S1EGFRIED STRUGGER. 2d ed. Berlin, 
Gottingen, Heidelberg: Springer Verlag, 1949. 
Pp. viiit+225+148 figs. Unbound, DM.24.00; 
cloth, DM.27.60 (approx. $6.50 and $7.45). 


The Springer series of “Pflanzenphysiologische 
Praktika”’ promises to be of great value in efforts to 
introduce modern experimental procedures in labo- 
ratory courses in plant physiology and experimental 
cytology. The present book, Volume II of the series, 
starts out with general directions for the preparation 
of plant material for experiments with cells and tis- 
sues and for the use of optical instruments (light- and 
dark-field observation, fluorescence and phase con- 
trast analyses). The remainder of the volume con- 
tains descriptions of an abundance of experiments 
either for practicing special techniques (e.g., meas- 
urement of viscosity; vital staining) or for studying 
individual constituents of the cell (chloroplasts, 
chondriosomes, vacuoles) or various processes (up- 
take and transport of solutes; movements). The 
various types of plasmolysis and their significance 
for the understanding of the properties of the cyto- 
plasm and the cell sap receive a thorough and de- 
tailed treatment. The text is profusely illustrated 
with drawings and photographs, the latter repro- 
duced on calendered paper. 

The units of which the book is built up are indi- 
vidual experiments. Although theoretical interpreta- 
tions accompany the descriptions of experiments, the 
author does not attempt a monographic integration. 
About 685 references to pertinent literature, how- 
ever, make the work very valuable as a lead to com- 
plete information even in theoretical aspects.—POUL 
LARSEN. 
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